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' I discuss, in a semi-pedagogical way, our current understanding of neutrino physics. 

I present a brief history of how the neutrino came to be "invented" and observed, 
and discuss the evidence that led to the recent discovery that neutrinos change 
' flavor. I then spend some time presenting mass-induced neutrino fiavor change 

C " D ' (neutrino oscillation), and how it pieces all the neutrino puzzles cxccpt for the 

LSND anomaly, which is also briefly discussed. I conclude by highlighting the 
importance of determining the nature of the neutrinos, i,e., are they Dirac or 
Majorana fermions. 
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1. Introduction 



Neutrino physics is among the most exciting and active areas of research 
in high energy physics, both experimentaUy and theoretically. No other 
area of partida physics research has gone through as dramàtic a transfor- 
mation, and one can arguably claim that the near and intermediate futura 
of research associated with neutrinos is very bright indeed. 

The reason for aU the excitement is the fact that a plethora of neutrino 
detectors have obtained, without a shadow of a doubt, the only palpable 
evidence for physics beyond the Standard model of eletroweak interactions. 
New physics seems to have manifested itself in the form of neutrino masses 
and lepton mixing. 

Here, I discuss not only what we know (and don't know) about neutrino 
properties and interaction, but also spend some time exploring how these 
were uncovered experimentaUy and theoretically. In Sec. 2, I present a 
condensed history of the neutrino, including how they were discovered, first 
theoretically, and then experimentaUy, and whcn we started suspecting that 
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there was somcthing wrong with the naive Standard model dc!scription of 
neutrino properties. In Sec. 3, I discuss in some detail the phenomenon of 
neutrino oscillations, and describe how oscillations were used to solve almost 
all long-standing neutrino puzzles in Sec. 4. Sec. 5 contains a brief digression 
on the still-unresolved LSND anomaly. Finally, in Sec. 6, 1 summarize what 
we have learned from neutrinos, what I mean by "neutrinos provide the 
only palpable evidence of physics beyond the Standard model," and what 
we think this new physics is. 

Before proceeding, two comments. (i) In response to the ràpid mcta- 
morphosis of neutrino physics, several excellent overviews and pedagogical 
lecture notes have been written and made available to the community,^'^'^ 
and these discuss at diffcrcnt Icvcls of dctail and rigor cvcrything containcd 
here. I hope that this "historical approach" to the subject adds to the 
literature, which is quite excellent. (ii) I apologize in advance for all in- 
accuracies regarding historical facts and the omission of several important 
refer encès. 

2. Beta-Rays and Missing Neutrinos 

Here I review, in a very biased, simplificd, and condcnsed form, the his- 
tory of weak interactions and neutrino physics. Not only is it a fascinating 
subject, but it also serves to illustratc that neutrinos have always managed 
to challenge and confuse physicists into contemplating what was once per- 
ceived to be impossible and questioning hmdamental principies and theoret- 
ical biases. Over the years, neutrinos have provided fundamental clues that 
lead to significant progress in the understanding of fundamental physics. I 
also wish to make the point that progress in neutrino research had always 
been very slow, in contrast to the boom observed in the past six years. I 
refer readers to Ref. 3 for a detailed overview of the history of neutrinos. 

I also summarize the series of experimental results that lead to the 
discovery that neutrinos can change flavor, hence changing in qualitative 
way our understanding of them. 

2.1. Biased Neutrino History 

The history of the neutrino'' is strongly tied to the history of the once 
very mysterious weak interactions. These were "stumbled upon," quite 
accidently, by Henri Becquerel in 1896, one year before the electron was 



^Most of the material discussed in this subsection was obtained from Ref. 3. 
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discoverd by J.J. Thompson and sevcral ycars bcforc nuclci wcre known to 
exist. All pioneering studies of natural radioactivity also took place years 
before the development of even the most rudimentary aspects of quantum 
mechanics. 

Becquerel is creditcd with the discovery that, even in the abscnce of an 
outside stimulus (e.g. light, electricity) some chemical elements naturally 
emit radiation capable, for example, of leaving a mark in a photographic 
plate. In the early 1900's, detailed analysis of this natural radioactivity 
revealed that different elements emitted difFerent types of radiation, and 
these were baptized, by Lord Rutherford, a, /3, and 7 radiation, or rays. 
The different types of radiation possessed rather distinct properties, and it 
is curious to notc, in hindsight. that cach was due to a different interaction 
(a strong, /? —^ weak, 7 electromagnètic) : 

• a-rays were easy to absorb and bent slightly (positive charge, 
"heavy") in the presence of magnètic fields. It was discovered, 
due to their absorption properties, that a-rays emitted from a well 
defined isotopc wcre mono-cncrgctic; 

• /3-rays were harder to absorb than a-rays, and they bent signifi.- 
cantly (negative charge, "light" ) in the presence of magnètic fields; 

• 7-rays did not bent in the presence of magnètic fields (no charge), 
and were very hard to absorb. 

2.1.1. The Nuclear ,6-Deeay Spectrum 

The pre-history of the neutrino begins with detailed studies of /3 radia- 
tion. Progress in the understanding of /3-rays was very slow and rather 
"tortuous." 

Early studies revealed that /3-rays were identical to cathode rays (elec- 
trons), and that their spectrum was discrete, like the spectrum of a- 
radiation. Whilc the formcr is correct, the later incorrect understanding 
was obtained from two distinct picccs of evidence: (i) studies of the ab- 
sorption of /3-rays seemed to indicate that these were mono-energetic, and 
(ii) the spectrum of a /3-ray beam in the presence of a constant magnètic 
ficld incident on a photographic plate sccmcd to be discrete, and hcnce 
indicative that the /3-beam was composed of several discrete components, 
each with a different, well-defined energy. 

Evidence (i) was shown to be incorrect for "theoretical reasons." It 
turned out that the phcnomcnology uscd to dcscribc /3-ray absorption was 
wrong. It was established that, contrary to initial prejudice, electrons and 
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Cü-particles do not losc energy while propagating insidc matter in the same 
way. Evidence (ii) was also incorrect, this time for "experimental reasons." 
It turned out that photographic plates were not tl·ie best detector technology 
to observe the /?-ray spectrum! 

In 1914, Chadwick, using more advanced detection techniques, pre- 
sented definitive evidence that the observed /3-ray spectrum was contin- 
uous. It remained to determine whether the primordial spectrum was also 
continuous or whether it was originally discrete but somehow modified in 
its way from the material to the detector. Several hypothctical cnergy- 
loss mechanisms were raised, including interactions of the /3-radiation with 
atòmic electrons, or interactions with other types of radiation, including 
7-rays.'' It was only fifteen years after Chadwick's discovcry that the issue 
was experimentally settled: the nuclear /3-ray spectrum is continuous. And 
no-one had any idea why that would be the case. 

It is important to appreciate that it took ovcr thirty ycars to cstablish 
that the ,/3-ray spectrum was continuos, and that the thcorctical prcjudice 
of the time was that the spectrum should be discrete. The reasons behind 
the incorrect preconceived idea are easy to understand. First, /3-radiation 
was a quantum mcchanical phcnomcnon, and quantum mcchanical spcctra 
were discrete (e.g. atòmic spectra). Second of all, the /3-radiation phe- 
nomenon was described by "^Z -^^ {Z + 1) + e~, where "^Z is a nucleus 
with atòmic number Z and mass number A. Energy and momentum con- 
servation dictate that, modulo finite temperature effects (small, calculable), 
the electrons leave the nucleus with a fixed, well-defined energy, given by 
the mass difference between the parent and daughter nuclei. It seemed, at 
the time, that, in order to understand continuous nuclear /3-decay spectra, 
one was required to give up the principle of conservation of energy! 

2.1.2. 1920's Nuclear Physics 

Of course, the early third of the twcnticth ccntury was not without its 
share of other fundamental physics puzzles. One was associated with un- 
derstanding the nucleus and its constituents, and apparent contradictions 
of the spin-statistics theorem. In early nuclear physics, it had been pos- 
tulated that nuclei were made up of protons and electrons, such that "^Z 
contained A protons and A — Z electrons (such that the nuclear charge was 



''Most /3-ray emitters also emit 7-rays. 
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Z').^ For example, an ^He nucleus was to be composed of four protons and 
two electrons, whilc ^"'N= 14p + 7e~. 

There were several fundamental problems with this model for the nu- 
cleus. One was related to the magnètic moment of nuclei. It was well 
known at tlic timc that the clcctron magnètic moment was miich largcr 
than the proton one, and also much larger then the nuclear one. How 
was that possible, if the nucleus was a coUection of protons and electrons? 
Worse, perhaps, was the fact that the spin-statistics theorem seemed to be 
violatcd: according to the proton+electron nuclear model, '^^N is prcdictcd 
to be a coUection of an odd number of fermions (14+7=21), which would 
mean it should have a half-integer spin and hence behave like a fermion. 
Experiments had revealed, however, that "'^''N was a boson. 

Short of assuming that the above model for the nucleus was simply 
wrong (which turned out to be the case), there were only a few possible 
Solutions to the puzzles raised above. One "common theme" to all the puz- 
zles was that nuclcar-bound electrons did not bchavc likc unbound ones. 
At around 1929-1930, Niels Bohr contemplated the possibility that nuclear 
electrons not only did not behave as ordinary fermion but also interacted 
in a way that violatcd energy and momentum conservation, as was required 
to cxplain the contimious spectrum of /?-dccay. Far from considcrcd crazy, 
Bohr's idea made it to the mainstream realm of textbooks: "This would 
mean that the idea of energy and its conservation fails in dealing with pro- 
cesses involving the emission or capture of nuclear electrons. This does 
not sound improbable if we remember all that has been said about peculiar 
properties of electrons in the nucleus. 

2.1.3. Pauli's Neutron Hypothesis 

Wolfgang Pauli came to the rescue in December, 1930, when he raised the 
hypothesis that there was a third constituent insidc tlic nucleus. In his noto- 
rious letter addrcssed to the participants of a nuclear physics conference in 
Tübingen, Germany, included in summarized form below, Pauli postulated 
the existence of what he called a 'neutron,' a fermion with no charge which 
interacted very weakly with matter and wcighcd less than 1% of the proton 
mass. The presence of the neutron saved the spin-statistics theorem (e.g. 
14N= lAp-\-7e~ + 7^u\ a boson) and explained the apparent violation of en- 



'^Thcrc were morc complicatcd models for the nucleus at the time which included, for 
example, a-particles as fundamental nuclear constituents. 
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ergy conservation in /3-decay. Hc assumed that -^"^{Z +l) + e^+''iy' was 
the correct physical process and, sincc thc final statc containcd threc bod- 
ies, not only was the electron energy spectrum continuous, but the maximal 
electron energy was guaranteed to be always less than the parent-daughter 
mass-difTercncc. It is, pcrhaps, also notcworthy to mcntion tliat PauU did 
not pubhsh his idea until sever al ycars latcr. Hc was worried about the 
fact that he could be postulating a new particle, whose existence would 
never be verified experimentally, in order to save a handful of theoretical 

pri ncipies. . . 

Dear Radioactive Ladies and Gentlemen, 

I have come upon a desperate way out regarding the wrong statistics 
of the "'^''N and ^Li nuclci, as well as the continuous /3-spectrum, in 
order to save the "alternation law" statistics and the energy law. To 
wit, the possibility that there could exist in the nucleus electrically 
neutral partides, which I shall call "neutrons," and satisfy the ex- 
clusion principio... Thc mass of the neutrons should bc of thc same 
order of magnitude as the electron mass and in any case not larger 
than 0.01 times the proton mass. The continuous /3-spectrum would 
then become understandable from the assumption that in /3-decay 
a neutron is emitted along with thc electron, in such a way that thc 
sum of the energies of the neutron and the electron is constant. . . 
For the time being I dare not publish anything about this idea and 
address mysclf to you, dear radioactive ones, with thc qucstion how 
it would be with experimental proof of such a neutron, if it were to 
have the penetrating powcr cqual to about ten times larger than a 
7-ray. 

I admit that my way out may not seem very probable a priori since 
one would probably have seen the neutrons a long time ago if they 
exist. But only the one who dares wins, and the seriousness of the 
situation conccrning thc continuous /3-spcctrum is illuminatod by 
my honored predecessor, Mr Debye who recently said to me in Brus- 
sels: "Oh, it is best not to think about this at all, as with new taxes." 
One must therefore discuss seriously every road to salvation. Thus, 
dear radioactive ones, examino and judgc. Unfortunatcly, I cannot 
appear personally in Tübingen since a ball. . . in Zürich. . . makes my 

presence here indispensible 

Your most humble servant, W. Pauli 

Adapted summary of an English Translation to Pauli 's letter dated 
December 4, 1930, from Ref 3. 
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2.1.4. The Neutron and the Neutrino, the Muon and the Pion 

A few of years later, Chadwick discovered a neutral nuclear constituent. By 
studying the properties of the neutral radiation n emitted in the process 
^Be+a -^^^C+n, he found out that this so-called neutron was a deeply 
penetrating neutral particle slightly heavier than the proton, quite distinct 
from 7-rays. This was not the neutron postulatcd by Pauli, but a difïerent 
particle all together. Given the fact that Chadwick's neutron was much 
heavier than Pauli's one, Fermi renamed Pauli's neutron the 'neutrino.'^ 

More than baptizing the neutrino, Fermi wrote down, in 1934, a ncw 
quantum mechanical description of the weak interactions. Hc postulatcd 
that /3-decay was mediated by the decay process n pe^ï>e,° which was 
described by the following four-fermion interaction:^ 

^ {nVNP) (ï^erLc) + H.C., (1) 

where is a dimensionful constant that characterizes the strength of 

the intcraction (the Fermi constant), and Tj^ix arc linear combinations 
of "gamma matrices" 1, 75, T/^i, 7/^75, c^i/, which were to be determined by 
more precise measurements of weak interaction processes. With this new 
understanding of the /3-decay process, a much improved picture of the nu- 
cleus was built. Nuclci wcrc built out of nuclcons (neutrons and protons) 
— = Zp -\- {A — Z)n, a concept which correctly explained the magnètic 
moment of the nuclei, and allowed one to determine, correctly, whether a 
given nuclcus was a boson or a fcrmion (c.g. "'^^N= 7p + 7n, a boson). 

Eq. (1) not only provided a mathematical description of nuclear beta 
decay, but also allowed one to compute the cross-section for other related 
physical processes, including 

Pe+p^e+ + n, (2) 

which was crucial, many years later, to determine whether neutrinos could 
be experimentally observed. I will return to this issue shortly. 

The importance of the Fermi theory and our understanding of the weak 
interactions increased tremendously in the years that followed. In 1936, a 



''in italian, the sufEx 'ino' is used to represent the diminutive — 'neutrino' = 'small 
neutron.' 

will use modern notation for neutrinos and antineutrinos henceforth, in order to avoid 

more confusion. 

^Again, I use modern field theory notation to avoid confusion. 
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new elementary particle, the ^ 'meson' was discoverccl in còsmic ray ex- 
periments. This particle, now known as the muon (a lepton), was first 
confused with the pion, postulated by Hideki Yukawa to be the mediator 
of the interaction responsible for binding protons and neutrons inside the 
nucleus. This particular issuc was rcsolved thcoretically in 1947 by Mar- 
shak and Bethe with the "two meson hypothesis." Their proposal was later 
confirmed to be correct when pions were first observed in còsmic ray ex- 
periments, also in 1947. As far as ncutrinos are concerned, it is important 
to note that it was established that 



and that both the pion and muon decay rates were characterized by the 
same interaction strength which was found in nuclear decay processes, 
Eq. (1). For example, the four-fermion operator 



mediates Eq. (4). The fact that Gf in Eq. (1), is the same as Gp in 
Eq. (5) was the first indication that the weak interactions were a universal 
phcnomcnon, much like electromagnetism, and not an exclusive property 
of nuclear systems. 

A very long, eventful time passed between Fermi's formulation of the 
weak interactions and the confirmation that Eq. (1) was correct beyond any 
reasonable doubt plus the experimental determination of the nature of the 
Fjv's. I refer readers to, e.g., Ref. 3 and references therein for a detailed 
description. Of particular importance were precision studies of the energy 
spectrum of electrons cmittcd in muon decay (so-callcd Michel electrons) 
and searches for the helicity suppressed tt"*" e+í^e decay, finally observed 
for the first time in 1958. A couple of years before that, weak interac- 
tions caused a significant amount of commotion in the community with the 
hypothesis, by Lee and Yang, and subsequent experimental confirmation, 
first by Wu et al, and a little later by Garwin, Lederman, and Weinrich, 
and by Friedman and Telegdi, that parity was maximally violated in weak 
processes. The whole issue was finally settled in the same ycar, thanks to 
theoretical developments by Marshak and Sudarshan and Feyman and Gell- 
mann, which argued in favor of the now well known F — A (or 7^ — 7^75) 
structure of the weak interactions. 

The purely left-handed structure of the leptonic charged current 
(i^e7/i(l — 75)e), combined with the fact that neutrino masses were known to 




(3) 



(4) 



(5) 
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bc much smallcr than the electron mass, allowed for a very compact descrip- 
tion of the neutrino. A free, massive spin 1/2 partides is characterized, not 
surprisingly, by its mass m, its total spin s the value of its spin projection 
in a specific direction, Sz- One particularly useful direction for measuring 
the particlc's spin is its direction of motion p, in which case is called the 
particle's handedness, or hehcity. If s- p\m,s) = +l/2|m, s) (— 1/2|to, s)), 
the particle is said to be right-handed (left-handed). The hehcity is not 
reference-frame independent in the case of massive partides. This is easy 
to see. If the particle is massive, one can always choose to change into a 
reference frame moving along its direction with a larger velocity. In this 
case, p ^ —p, while s -i-^ s, such that, say, a right-handed state is now 
viewed clS cl Icft-handed one. 

In the casc of massless fermions, however, the hehcity is a good quan- 
tum number, independent on the reference frame. The smallest number 
of dcgrccs of frccdom a massless fcrmion field can describe is, hence, two: 
a Icft-handcd (or right-handed) fcrmion, plus its CPT-transform, a right- 
handed (or left-handed) antifermion.^ Because the weak-interactions are 
purely left-handed, this has proven, so far, to be enough to describe the 
neutrinos. 

One of the most dramàtic manifestations of this phenomcnon is the 
fact that muons emitted in pion decay at rest are virtually 100% polarized. 
This is a consequence of the fact that the weak interactions are purely 
left-handed, and that the neutrino mass is, at most, tiny: 

7r+ ^ fi+u^,L ALWAYS; (6) 

iiP) 

7r+ ^ n+i^^,R NEVER; (7) 
liC) 

TT- ^ fx^D^,R ALWAYS; (8) 
1{P) 

w- l·ílï'ti,L NEVER. (9) 

In summary, in the absence of neutrino masses and new interactions beyond 

SU{2)l, right-handed neutrinos and left-handed antincutrinos can never be 
produced or detected. This is equivalent to saying they don't exist. 

^This is to be contrasted to the case of charged, masssive fermions which rcquirc four de- 
grees of freedom (e.g., the left-handed electron and its CPT-transform, the right-handed 
positron, plus its "Lorcntz transform" the right-handed electron and CPT-transform, 
the left-handed positron). See Ref. 5 for a more detailed discussion of this point. 
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Before proceeding, l'U mention that the neutrino helicity was first de- 
termined in 1958 by Goldhaber et al. in a very elegant experiment. They 
produced neutrinos via e~+^^^Eu^ Ug+^^'^Sm* {J = 1). The excited 
state of samarium decayed very quickly by emitting a 7-ray, ^^^Sni*(J = 
1) ^^'''^Sm(J = 0) + 7. Conservation of energy and momentum forces the 
photon and the neutrino to be back-to-back, while conservation of angu- 
lar momentum correlates the neutrino helicity to the photon polarization. 
Goldhaber et al. established that the photons produced in these processes 
were, within errors, 100% polarized, and that the neutrinos were purely 
left-handed. 

2.1.5. Direct Detection of (Anti) Neutrinos 

While the neutrino was postulated to exist in 1930 and widely accepted to 
be a real particle shortly thereafter, it was not until the 1950's that the 
necessary means for detecting neutrinos became available. As mentioned 
earlier, Fermi theory allowed one to compute the neutrino-nucleon cross 
section, and hence estimate the neutrino flux and detector size required to 
statistically observe neutrino-induced events. 

In the early 1950's "Project Poltergeist," headed by Frcdcrick Rcynes 
and Clyde Cowan, got started. Its mission was to detect neutrinos. It 
took advantage of the technological developments which took place in the 
1940's in order to develop the fission bomb. Curiously enough, one of the 
first proposals consisted of measuring the (very high) instantaneous flux 
of antineutrinos emitted during an atòmic bomb explosion (remember that 
nuclear tests in the american desert were taking place at the time!). One of 
the down sidcs of this particular sctup includcd the fact that the experiment 
needed to be located rather close to the site of the explosion — not the most 
stable of places to house a detector! 

This rather original idea — never implemented — was substituted with 
the idea to measure the antineutrino flux produced by nuclear power reac- 
tors. Nuclear reactors were also a "bi-product" of the bomb, and were used 
to enrich heavy isotope samples. While the instantaneous antineutrino flux 
from nuclear reactors was much Icss than the one gencratcd during a nuclear 
explosion, the integrated flux could be much larger — and the experimental 
conditions were, of course, much more sensible. 

In order to successfully detect neutrino-induced interactions, it was cru- 
cial to separate these from background events duc to còsmic rays, radioac- 
tivity in the detector and surrounding material, etc. This was accomplished 
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successfuUy in the following way. Antineutrinos interact with protons as de- 
picted in Eq. (2). The daughter positron quickly annihilates with a near-by 
electron 

e"'"e~ — > 77, (10) 

and the photon energy is detected in some scintillating environment (fur- 
thermore, the total deposited energy is related to the positron energy, which 

is rclatcd to the incoming antincutrino energy). While the positron is be- 
ing annihilated, the recoil neutron random walks inside the detector and 
is absorbed, after a well defined characteristic time, emitting 7-rays with 
well-defined energy. The coincidence between the first signal (due to the 
elelctron-positron annihilation) and second one, a well-defined amount of 
time afterwards, was crucial to the success of Project Poltergeist, and is 
used to this very day to study antineutrinos produced in nuclear reactors. 

The first hint of 9,, + p scattering events was obtained in 1953, in a 
one cúbic meter scintillator tank near the Hanford reactor site. This setup 
was swamped with còsmic ray-induced background events, and obtained a 
two-sigma evidence for inverse beta-decay {v^ + p + n) . Definitive 

evidence was only obtain in 1956 (final resnlts presented in 1960) with a 
larger detector next to the Savannah River reactor site. The key changes 
were related to improved neutron detection techniques and much better 
còsmic ray veto. Rcynes was awarded a Physics Nobel Prize for "pioneering 
experimental contributions to lepton physics" in 1995. 

It is relevant to note that a diíferent technique for observing antineu- 
trinos was tried, without success, in "parallel" with Project Poltergeist. In 
1955, a radio-chemical experiment, led by Ray Davis, located next to a 
nuclear reactor site failed to observe "inverse chlorine decay," ie., 

Pe +^^C1 ^ e~ +3^Ar (11) 

does not happen with a measurable rate. This null result can be interpreted 
as evidence that neutrinos and antineutrinos are distinct partides.^ We 
currently intèrpret the apparent impossibility of Eq. (11) as a conscquence 
of a conscrvation law — lepton number conservation. Neutrinos and nega- 
tively charged leptons are assigned lepton number +1, while antineutrinos 
and positively charged leptons are assigned lepton number —1. Eq. (11) 
violates lepton number by two units. A similar setup was eventually used, 
very successfuUy, to study an intense (natural!) source of neutrinos — the 
Sun. 



''Or that they have a very tiny (or no) mass. 
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2.1.6. And Then There Were Two (Then Three) 

As alluded to earlier, the left-handed naturc of tlic wcak intcractions plus 
CPT-invariancc only rcqiiirc; thc cxistcncc of onc Icft-handcd neutrino, and 
one right-handed antineutrino. However, soon after the discovery of the 
muon, it was hypothesized that there were two distinct neutrino 'flavors.' 
In modern languagc, thc qucstion which was to be addresscd cxpcrimcntally 
in the early 1960's was: are muon-type neutrinos different partides from 
electron-type neutrinos fe? 

The rcason to suspcct that this is the case is the fact that, while the 
muon dccays into an clcctron phis two neutrinos (according to thc abovc 
mentioned conservation of lepton number, the muon decays into an elec- 
tron plus a neutrino plus an antineutrino, as depicted in Eq. (4)), it did not 
decay into an clcctron plus a photon, i.e., /i^ — !■ e^7 has never bcen ob- 
served. Currently, we have bound Br{^^ < 1.2 x 10~^^ at the 90% 

confidence level.^ If, however, i^^ and Ve were the same particle, /x^ — > 6^7 
would happen at one-loop order, as depicted in Fig. 1. 




Figurc 1. Onc of thc Fcyiiman diagrams contributing to n —* e^f at the one-loop level 
in the Fermi theory, assuming that U/j, and Ue are the same particle. 

The absence of /x^ — > 6^7 can also be reinterpreted in terms of a 

new conservation law — conservation of individual lepton number. If one 
postulates that the electron has electron- number +1 while the muon has 
muon- number +1, electron- number and muon- number conservation forbid 
— > 6^7. Furthermore, there must be at least two distinct neutrino 
"flavors:" thc jy^ with clectron-number +1, produccd togcthcr with elec- 
trons in, say, nuclear /3-decay, and the with muon- number -|-1, produced 
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together with muons in, say, pion decay (Eq. (3)). 

That muon-typc and clcctron-type ncutrinos are indeed difFerent par- 
tides was experimentally established in 1962, in an effort led by Leon Le- 
derman, Jack Steinberger, and Melvin Schwarts at the Brookhaven Na- 
tional Laboratory. Thcy wcrc awardcd the Physics Nobcl Prizc in 1988 
for their discovery ("for the neutrino beam method and the demonstra- 
tion of the doublet structure of the leptons through the discovery of the 
muon neutrino"). The key to the experiment was the development of the 
first neutrino beam. Muon neutrino beams are relatively straightforward 
to produce. By cohiding protons on a target at large enough energies, one 
produces a large flux of pions. The charged pions eventually decay, more 
than 99% of timc, into muons and ncutrinos. Onc can aim the pions (and 
hence the muons and the neutrinos) into a beam-dump (a large amount of 
material which will absorb all charged leptons and hadrons in the beam) 
and place a detector on the other end. The detector will be traversed by 
a flux of only neutrinos, given that all othcr partides in the original beam 
will have been absorbed by the beam dump. 

Because the neutrinos are mostly produced by charged pion decay, their 
vast majority will be of the muon-type.' The question one wishes to address 
is: do these neutrinos, when interacting inside the detector, produce muons 
or electrons?, i.e., is 



allowcd {X and Y are irrelevant initial and final states)? Eq. (13), while 
enjoying a larger available phase space (the electron is 200 times lighter 
than the muon), violatcs muon-munbcr and electron- number conservation. 
It was not observed in 1962, whilc Eq. (12) was observed, at a rate consistent 
with expectations from weak-interactions. 

Prom 1974 to 1977, experiments led by Martin Perl (Physics Nobel 
Prizc 1995), rcvcalcd the cxistcncc of a third lepton, the tau (r). It was 
immediately recognized that, along with the r, there should be a third 



'There other components to the neutrino beam. Kaons, also copiously produced by 
proton-taJTget interactions, decay into both electron-type and muon-type neutrinos, while 
some of the muons produced by pion decay also decay in flight, emitting both electron- 
type and muon-type neutrinos. The fe contamination level depends on the energy of 
the incident proton beam, the "pion-focusing" mechanism, and the length of the decay 
tunncl. Whilc not too rclavant for tlic Lcdcrman-Stcibcrgcr-Schwartz experiment, these 
are all crucial issues for modern neutrino beam experiments. 



+ X ^ fj, + Y and/or 

ly^ + X ^e + Y 



(12) 
(13) 
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neutrino flavor Vr ■ Hard cvidcncc for the existence of Vt was only obtained 
much later. First indirectly, when precision measurements of the line-shape 
of the Z'^-boson, performed at LEP, revealed the existence of an invisible 
Z°-boson width consistent with the Standard model prediction as long as 
thcrc were three neutrino spccics J More indirect evidcncc can be obtained 
from detailed calculations of the relic abundance of (mostly) **He, which de- 
pends on the expansion rate of the Universe around the time of Big-Bang 
nucleosynthesis (T ~ 1 McV).** These computations reveal, with large er- 
ror bars, that the numbcr of rclativistic degrees of freedom present at the 
time of Big-Bang nucleosynthesis is consistent with the existence of three 
neutrinos. Evidence for tau-type neutrinos similar to the one obtained by 
the Lederman-Steibergcr-Schwartz experiment was only obtained in 2001, 
when the DONUT ("Direct Observation of NU Tau") experiment at Fer- 
milab managed to record a handful oi -\- X ^ t -\-Y events.^ 

To concludc this subsection, it is interesting to appreciate that most 
of the conclusions obtained in the paragraphs abovc arc known today to 
be, at a more fundamental level, incorrect. We have learned from neutrino 
experiments that the conservation of individual lepton number is strongly 
violated. However, individual lepton numbcr violating cfFccts can only be 
observed under rather special circumstances, which will be discussed in the 
upcoming sections, and the rate for /i — > 67 is not zero but severely sup- 
pressed if only mediated by electroweak interactions. The reason for this 
is simple, /i ^ 67 is a leptonic example of flavor changing neutral CTirrcnt 
processes, which are known to be GIM suppressed. In a nutshell, such 
processes are not mediated at the tree level by Z°-boson exchange, while 
higher order efïects are suppressed by the unitarity of the fcrmion mixing 
matrix, in such a way that A{\x 67) oc Am^, where Am^ are neutrino 
mass-squared differences. Given what we have learned about leptonic mix- 
ing and neutrino mass-squared difïerence, the rate for /i — > 67 is absurdly 



where 1]^% are the elements of the leptonic mixing matrix, while Aml^, 
i = 2,3 are the neutrino mass-squared differences. For this reason, searches 
for rare muon processes, including ^ 67, e+e^e and fi+^Z e+^Z 
(/i-e-conversion in nuclei) are considcrcd ideal laboratories to probe effects 
of new physics at or slightly above the electroweak scale.^^ 



small:i° 




2 



(14) 
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2.2. Neutrino Puzzles 

As the neutrinos and their properties were bcing uncovered and explorcd, 
a series of anomalies popped-up. These started as curious experimental 
results which disagreed with theoretical expectations and were quickly dis- 
missed by most of the community for various reasons. In time, a handful 

of these evolved into well-rcspcctcd puzzles (or problcms), and all but one 
(which is discussed in Sec. 5) have been resolved in a most surprising way. 
Here, l'U describe the puzzles that lead to the discovery of neutrino flavor 
change and, ultimately, to the current understanding that ncnitrinos have 
mass and that leptons mix strongly. Fil dcviate significantly from any his- 
torical timeline, and will steer away from discussions about the history of 
neutrino oscillations.^'^ 

2.2.1. Solar Neutrinos 

Soon aftcr it was undcrstood that the Sun burns via nuclear fusion, it 
was also appreciated that the Sun was a 'Vg factory," i.e., the thcrmonu- 
clear reactions that take place inside the Sun's core produce both photons 
and neutrinos. Wc now have cnough cvidcncc to bclicvc that most of the 
Sun's energy is produced by proton-proton fusion, a process through which, 
roughly speaking p + p + p + p ^^He+e+ + e+ + z/g + fe + 7's. The pp-chain 
is depicted in Table 1. 

In the 1940's and 1950's, the crucial question was whether these solar 
neutrinos could be detected here on Earth. The detection of solar neutrinos 
would serve, for example, as evidence that the Sun indeed obtained its 
energy from nuclear fussion processes. The challcngc was two-fold. First of 
all, one needed to compute accurately enough the "standard solar model" 
expectations for the solar neutrino fluxes. Current standard solar model^^ 
results for the solar neutrino fluxes (separated per "type," see Table 1) are 
depicted in Fig. 2. Second of all, givcn such a prcdiction. it was necessary 
to determine whether one could conceive of an experiment sensitive to the 
expected fluxes. 

To make a long story short, one of the most impressive achievements 
of nuclear experimental physics was obtained in 1964, when an experiment 
locate at the Homestake mine in South Dakota, led by Ray Davis, obtained 
evidence for a solar electron-type neutrino flux, roughly consistent with 
solar model expectations. The experiment detected electron-type neutrinos 
via inverse nuclear /3-decay 




e +• 




(15) 
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Table 1. Nuclear rcactions responsiblc for producing almost all of thc Sun's en- 
ergy and thc difïcrcnt "types" of solar ncutrinos (nomcnclaturc) : pp- ncutrinos, 
pep-ncutrinos, /lep-ncutrinos, ^Bc-ncutrinos, and *B-ncutrinos. 'Termination' 
refers to the fraction of interacting protons that participate in the process. 



Reaction Termination 


Neutrino Energy 


Nomenclature 




(%) 


(MeV) 




p + p ^'^H+e+ + Ue 


99.96 


< 0.423 


pp-neutrinos 


p + e- +p -►^H+i/e 


0.044 


1.445 


pep-neutrinos 


^H+p -*3He+7 


100 






3He+3He->*He+p + p 


85 






3He+''He->^Be+7 


15 






■^Be+e" ^^Li+i/e 


15 


0.863(90%) 
0.386(10%) 


'^Be-neutrinos 


^Li+p -v^He+^He 








''Be+p -»*B+7 


0.02 






*B->8Be* +e+ + Ue 




< 15 


*B-neutrinos 


»Be-»4He+''He 








■^Hc-p — 'ile+c 1 + (/,, 


0.0000:5 


< 18.8 


/í(.p-iicuLriiiüs 


Note: Adapted from Ref. 12. 


Please refer to Ref. 12 for a more detailed expla- 



nation. 

using a tcchniquc not dissimilar to thc onc which failcd to sec clcctron-typc 
antineutrinos from reactors. The experiment consisted of a very large tank 
containing a chlorine compound. The tank was "searched" periodically 
for argon àtoms, which were then detected by the decay of radioactive 
'^''Ar. In ordcr to apprcciate how challcnging thc experiment was, in several 
cúbic meters of the chlorine compound, several argon àtoms were detected 
— every monthl Davis was awarded the 2002 Physics Nobel Prize "for 
pioncering contributions to astrophysics, in particular for the detection of 
còsmic neutrinos." 

The Homestake experiment continued to measure the solar neutrino 
flux for ovcr thirty ycars. It was followed by two different types of experi- 
ments. Thc Kamiokandc experiment (start date 1985) was a very large wà- 
ter Cherenkov experiment, designed to look for proton decay. It also man- 
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Neutrino Energy (MeV) 

Figure 2. The predicted solar neutrino energy spectrum. The figure shows the energy 
spectrum of solar neutrinos predicted by the most recent version of the Standard solar 
model. For continuum sources, the neutrino fluxes are given in number of neutrinos 
cm~^s~^ MeV~^ at the Earth's surface. For line sources, the units are number of 
neutrinos cm~^s~'^. Total theoretical uncertainties are shown for each sourcc. From 
http:/ /www. sns.ias.edu/~jnb/. 

aged to detect neutrinos from the Sun, via elàstic neutrino-electron scatter- 
ing: i/e + e~ — > v^ + e^ . The Cherenkov hght emitted by the recoil electron 
is observed and used to reconstruct the electron energy and direction, which 
is correlated to the incoming neutrino energy and direction. The GALLEX 
(Italy) and SAGE (USSR/Russia) experiments (start date 1991/1990) were, 
similar to Homesake, also radiochemical experiments, and detected neutri- 
nos via inverse nuclear (3 decay of gallium: i^e+^^Ga^ e^+^^Ge. As in the 
Homestake experiment, chemical techniques were used to isolate and count 
the number of radioactive ^^Ge àtoms produced by the neutrino reaction. 

The thrce different types of experiments provided complementary Infor- 
mation. The wàter Cherenkov experiment was capable of detecting neutri- 
nos in real time, and determine their energy. They were also the first to 
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correlatc thc; incoming ncutrino direction with the position of the Sun in the 
sky. On the other hand, the wàter Cherenkov technique is only sensitive to 
very "high energy" solar neutrinos, and can only see the neutrinos. The 
radiochemical experiments do not have any capability to distinguish the 
energy of the incoming neutrinos, but havc lower energy detection thresh- 
olds. The chlorine experiment was sensitive to neutrino energies higher 
than ~ 1 MeV, while the gallium experiments were also sensitive to the 
pp-neutrinos. The different energy thresholds for the different detection 
techniques are depicted in Fig. 2. 

After the first Homestake results were pubUshed in the mid 1960's, a 
salient feature of the solar neutrino data became apparent: the measured 
neutrino flux was statistically smallcr than thcorctical cxpcctations. These 
original results were quickly dismissed due to problems with the experi- 
ment and/or with the theoretical computations of the solar neutrino flux. 
The "solar neutrino anomaly" did not go away with the advent of thc 
Kamiokandc, GALLEX, and SAGE data — all thrcc experiments confirmcd 
the solar neutrino dèficit observed by Davis's experiment. Fig. 3 depicts 
the solar neutrino flux measured by the different experiments, along with 
the expectations of thc Standard solar model. 

A combined analysis of Homestake, SAGE, GALLEX, and Kamiokande 
data revealed that plausible astrophysical solutions to the solar neutrino 
problem were safely ruled out. Several logical explanations for the dèficit 
remained, and more experimental Information, which was providcd first by 
the Super-Kamiokande experiment, later by the SNO experiment, and fi- 
nally by the KamLAND experiment, was required to sort things out. These 
will be presented later. 



2.2.2. Atmospheric Neutrinos 

In thc 1980's, experiments started measuring thc fiux of atmospheric neu- 
trinos more precisely. These are neutrinos produced by the interactions 
of còsmic rays and the atmosphere. In more detall, còsmic rays (mostly 
protons) hit the atmosphere and produce a shower of mostly pions. The 
pions decay in flight into muons and muon-typc neutrinos. Thc miions later 
decay into electrons, electron-type neutrinos and muon-type antneutrinos. 



2, 2008 1:28 Proceedings Trim Size: 9in x 6in 



lectures 



19 



Total Rates: Standard Model vs. Experiment 

Bahcall-Pinsonneault 2000 




Figure 3. Predictions of the Standard solar model and the total observed rates in the 
six solar neutrino experiments: chlorine, SuperKamiokande, Kamiokande, GALLEX, 
SAGE, and SNO. The model predictions are color coded with difïerent colors for 
the difïerent predicted neutrino components. For both the experimental vàlues and 
the predictions, the 1 sigma uncertainties are indicated by cross hatching. From 
http:/ /www. sns.ias.edu/~jnb/. 

In summary 

Tï^ ^ + (or P^), (16) 
\ 

e^Ve (or Ve) (or í/^). (17) 

For low enough neutrino energies, the muon- llavor to electron- llavor ratio 
is expected to be 2 : 1. This ration is expected to increase as the neutrino 
energy increases due to the íact that the fraction of muons that decays in 
llight decreases as the muon energy increases. 

Several different experiments were built in order to study atmospheric 
neutrinos. Among them, NUSSEX, Frejus, Soudan, and MACRO were 
all calorimeter-like detectors, while Kamiokande and 1MB were wàter 
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Cherenkov detectors, built originally to look for proton dccay.j The later 
two experiments studied the atmospheric neutrino flux because thesc were 
expected to provide one of the dominant sources of background for nucleon 
decay searches. 

Unhkc solar ncutrinos, the flux of atmospheric ncutrinos cannot be com- 
puted very accurately. Experiments measure theoreticaUy robust quantities 
in order to study these neutrinos. One of these is the muon-type to electron- 
type flux ratio or the ü-ratio, defined to be the measured muon-type to 
electron-type flux ratio divided by its theoretical prediction. Results for R 
are hsted in Table 2, courtesy of Ref. 15. 



Table 2. Summary of R measurements. 



Experiment 


kt-yr 


events 


R (data/MC) 


"material" 


IMB 


7.7 


610 


0.54 ± .05 ± .11 


wàter 


Kamiokandc 


7.7 


482 


o.eoí'o? ± .05 


wàter 


Soudan-2 


3.2 


~200 


0.61 ± .15 ±- 05 


iron 


Ficjus 


2.0 


200 


1.00 ±.15 ±.08 


iron 


NUSEX 


0.7 


50 


0.961 


iron 



There are few characteristics of the results in Table 2 worth pointing 
out. First, three out of five results point to a value of R statistically smaller 
than 1, which indicates that cither the flux is smaller than expected, or 
that the flux is larger than expected. Second, the Soudan-2 result is 
more recent than the other four. In its absence, there is a clear correlation: 
calorimeter-like experiments obtaincd R vàlues consistent with one, while 
wàter Cherenkov detectors observed statistically smaller vàlues. 

Another part of this "atmospheric neutrino anomay" was the fact that 
the Kamiokande experiment provided more Information than just R. It also 
measured the muon-type and electron-type neutrino fluxes as a function of 
the neutrino direction, and observed that, while the electron-type neutrino 
flux was roughly independent of whether the neutrinos were coming from 
above or for below, the muon-type neutrino flux was larger from above than 
from below. 

Any doubt about the reality of the atmospheric neutrino anomaly was 
erased after the Super-Kamiokande experiment first measured the atmo- 
spheric neutrino flux, as will be discusscd latcr. Even beforc that, howevcr, 
scvc^ral physics c^xplanations for the disappearance of muon-type neutrinos 



J Kamiokandc stands for 'Kamioka Nucleon Decay Experiment.' Kamioka is the name of 
a mine in Japan. 
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that traverse the entire Earth before being detected were explore. I sum- 
marize some of these below. 

2.2.3. Many Solutions. Super-Kamiokande, and SNO 

Both the solar and the atmospheric neutrino anomalies could be explained 
by postulating that the Standard model description of neutrino production, 
propagation, and/or detection was incorrect. Thcrc wcrc several logical 
explanations for the general features observed, namely the fact that only less 
than half the expected solar electron-type neutrinos produced in the Sun 
were actually detected, while a similar fraction of muon-type atmospheric 
neutrinos also disappeared. Some of the logical possibilities include 

(1) Neutrinos have a finite lifetime, and decay into either other Stan- 
dard model partides or into new very light degrees of freedom (so- 
lar / atmospheric) ; 

(2) Neutrinos traversing large quantities of matter are absorbed (much, 
much) morc cfRciently than predicted by weak-interactions (so- 
lar / atmospheric) ; 

(3) Neutrinos have a small magnètic moment, and can be converted 
into either anti-neutrinos or "right-handed neutrinos" in the pres- 

cnce of intcnse magnètic ficlds. Electron antincutrinos are invisi- 
ble to Homestake and the gallium experiments, and have a smaller 
cross-section for elàstic scattering on electrons [Kamiokande] , while 
"right-handed" neutrinos are virtually invisible (solar); 

(4) all kinds of exòtica, including violations of the equivalent principle, 
violations of the unitary evolution of quantum mechanical states, 
violations of Lorentz invariance, etc (solar /atmospheric); 

(5) Neutrinos changc flavor while they propagatc, i.e., a neutrino pro- 
duced in a well-defined flavor Va has a nonzero probability Pa/3 of 
being detected as a diíferent flavor v/s, a,/3 = e,/x, r. If this is the 
case, the solar anomaly requirccl < 1, while the atmospheric 
anomaly required < 1. Detailcd analyscs of the neutrino data 
require Pap to depend on the distance travelled by the neutrino, 
and the neutrino energy (solar and atmospheric). 

A few of the naive solutions stated above were probably inconsistent with 
other data (like (2)), and failcd to explain the neutrino data in detail ((3), 
for example, docs not addrcss the atmospheric anomaly). It is curious to 
note that several of them require that neutrinos have nonzero masses ((1) 
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is the most obvious one). 

In ordcr to address which solution, if any, was correct, new experi- 
ments were required, and several were on the way. One was the Super- 
Kamiokande experiment, an improved and much larger version of the orig- 
inal Kamiokandc experiment. Supcr-Kamiokandc was dcsigncd not only to 
improve the experimental sensitivity to proton decay but also the detcr- 
mine whether the atmospheric neutrino anomaly was real (and to study 
it in more detail) and to provide a precise measurement of the solar 
neutrino spectrum. 

Arguably, no recent experiment has shone more light into our under- 
standing of neutrinos than Super-Kamiokande. In the "atmospheric sec- 
tor," Super-Kamiokande providcd evickuicc bcyond any reasonabic doubt 
that muon-type atmospheric neutrinos were indeed disappearing.^^ It also 
established that the "disappearance rate" depends on the neutrino en- 
ergy and baseline. The up-down ratio of muon-type neutrinos at Super- 
Kamiokande is CTirrcntly over 10 sigma away from onc! The angular and 
energy dependency of the atmospheric neutrino flux is among the most 
remarkable particle physics results obtained in the past six years, and is 
depicted in Fig. 4. 




COS0 COS0 COS0 cos© 

Figure 4. Zenith angle distribution for fuUy-contained single-ring e-like and /i-like 
events, multi-ring /i-like events, partially contained events and upward-going muons. 
The points show the data and the sòlid Unes show the Monte Cario events without neu- 
trino oscillation. The dashed lines show the best-fit cxpcctations for i/^ Vr oscillations. 
From M. Ishitsuka [Super-Kamiokande CoUaboration] , hcp-cx/0406076. 
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In the solar sector, Super-Kamiokande data confirmed the solar neutrino 
dèficit (Fig. 3), but also provided evidence that the dèficit was energy inde- 
pendent in the interval ~ 5 — 10 MeV. Super-Kamiokande also established 
that the solar neutrino flux did not depend anomalously on time (yearly, 
monthly, or daily).-'^* 

The Sudbury Neutrino Observatory (SNO) was designed to perform in- 
dependent measurements of the solar neutrino flux.^^ More specifically, 
SNO is a heavy wàter detector, and measures solar neutrino via three dis- 
tinct processes: 

i/+'^ïí^p + p + e~ z^e only, (18) 
v + e~ ^ v + e~ i^e + 0.15 f^^T-) (19) 
i^+^H^ i^+p + n i^e + i^f,,T, (20) 

where the underlining indicates the particle observed by SNO. Electrons 
produced by neutrino-electron scattering are separated from those pro- 
duced by neutrino-deuteron scattering statistically, given the diflïerent kine- 
matics of the different reactions. Neutron detection is done via different 
techniques, including detecting the photons emitted by neutron capture in 
deuteron and chlorine (these are also separated from the electron signals 
on a statistical basis), and placing ^He-filled neutron detectors inside the 
heavy wàter vessel. 

The "bottom line" of SNO are the comments written next to the de- 
tection reactions listed above. The three different reactions are sensitive to 
difFerent neutrino flavors. Eq. (18) is sensitive to only electron- typc ncu- 
trinos, while Eq. (19) is sensitive to mostly electron-type neutrinos, with a 
smaller cross-section for muon-type and tau-type neutrinos (0.15 is repre- 
sentative of the t'^^re to the i^eC cross-section ration in the energy range of 
interest). Eq. (19) is the only reaction observed at the Super-Kamiokande 
detector. Finally, the neutral current process Eq. (20) is flavor blind. In 
summary, SNO can measure, at the same time, the solar Uf. flux and the 
total (i>e + i'^ + Vt) solar neutrino flux. Its results are summarized in Fig. 5. 
Its fair to say that SNO has established, beyond any reasonable doubt, 
that there are muon-type and/or tau-type neutrinos and/or antineutrinos 
coming from the Sun! 

3. Mass-Induced Flavor Change — Neutrino Oscillations 

To makc a vcry long story short, it turns out that the only solution to all 
neutrino puzzles presented above is to appreciate that neutrinos can change 
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Figure 5. Flux of B solar neutrinos which are of tlie muon or tau-type, (/i/jt, versus 
flux of electron neutrinos, <j)e, deduced from the three neutrino reactions in SNO. The 
diagonal bands show the total 8B flux as predicted by the Standard solar model (dashed 
lines) and that measured with the NC reaction in SNO (sòlid band). The intercepts 
of these bands with the ajces represent the ±1 sigma errors. The bands intersect at 
the fit vàlues for (pe and 4>fj,T, indicating that the combined flux results are consistent 
with neutrino flavor transformation assuming no distortion in the neutrino energy 
spectrum. From Q. R. Ahmad et al. [SNO Collaboration] , Phys. Rev. Lett. 89, 011301 
(2002). 

flavor. Here, FU discuss the only'^ scenario capable of fitting all data above 
in a unified and elegant way. This is related to postulating that neutrinos 
have mass. 

Nonzero neutrino masses have been searched ever since the neutrino 
was first postulated (Pauli already quoted a very conservative upper bound 
of around 10 MeV in his 1930 letter). The most straight forward way to 
search for neutrino masses is to measure very precisely weak-processes that 
involve neutrinos in the final state. More specifically, the most stringent 
kinematical bounds on neutrinos masses are obtained by^ 

• measuring the end-point of the /3-decay spectrum of tritium: rn^ < 
5 eV2; 



''I am aware of at least one other possible consistent explanation, (see, e.g., Ref. 20), 
which l'U not discuss. l'U just add that it (and others) has not been properly tested at 
the required level of precision. 
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• measuring thc cncrgy and momentum of the niuon produced in pion 
decay at rest: m^^ < 190 keV; 

• measuring the total energy and momentum of pions produced by 
hadronic tau-decays r — > Nit + Ur, N > 3: rriv^ < 18.2 MeV. 

Above, rriv^ are linear combinations of the neutrino masses, as will be 
discussed later. Given what we have learned from the rest of the neutrino 
data, thc bound on m^^ overwhelms the other two. 

Other more stringent and more subtle bounds can be obtained. Studies 
of the large-scale structure of the universe, combined with precision mea- 
surements of the còsmic microwave background radiation and thc "con- 
cordance cosmological model" lead to a bound on the sum of all neu- 
trino masses: Y^nii, < 1 eV.^^ Finally, searches for neutrinoless double 
beta dccay constrain a particular linear combination of neutrino masses — 
"^/3/3 íS 1 cV — assuming that neutrinos are Majorana fermions. l'U come 
back to this in Sec. 6. 

3.1. Lepton Mixing and Vacuum Oscillations 

The study of neutrino flavor change as a function of propagation distance 
(baseline) and neutrino energy turns out to be the most sensitive probe of 
neutrino masses, as long as lepton mixing is nontrivial. 

Lepton mixing, like quark mixing, can only be defined if the different 
neutrinos and charged leptons have distinct masses. There are different 
ways of understanding lepton mixing. Onc is to apprcciatc that, oncc neu- 
trinos have distinct masses, there are two different "types" of neutrinos. 
There are the already-defined neutrino weak or flavor states. These are 
produced via charged current interactions and labeled by the charged lep- 
ton associatcd with the neutrino: i^a is produced/destroyed associated with 
the a charged lepton, where a = e, /x, r. 

On the other hand, there are the neutrino mass states. These are eigen- 
states of the free neutrino Hamiltonian, i.e., 



where i = 1,2,3,... labels the neutrino mass-eigenstates and mass- 

eigcnvalues. It is clear that there is no reason for the neutrino mass- 
eigenstates to be the same as the neutrino flavor-eigenstates. The two 
different "neutrino bases" are related by a unitary transformation 



Vi{t,x)) = e 



— ipiX 



(21) 



(22) 
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where Uai arc the elements of the neutrino, or Icpton mixing matrix, also 
referred to as the Maki-Nakagawa-Sakata (MNS) matrix, or the Pontecorvo- 
Maki-Nakagawa-Sakata (PMNS, or MNSP) matrix. This means that, say, 
during /3-decay, an electron and a Unear combination of antineutrinos with 
well-defined masses are produced such that discussed above is given 
by' EjC^eil^mf. 

Now, a more canonical description of fermion mixing. The relevant 

part of the weak-interaction Lagrangian is, assuming that the neutrinos are 
Dirac fermions and starting in the weak-basis where the charged-current 
interactions are diagonal, 

L D gè^Wf^jf^i/^ + elnie^apeR + i^t'^u,ai3'^R + H.c. 

= 9eÍW>.nVeVjy'iy'l + me,^è'le'^ + m^^^v'lv'^ + R.c. (23) 

where V, U diagonalize the mass matrices, and relate the primed (mass) 
bases to the unprimed (weak) ones. The lepton analog of the CKM matrix 
is U = VeVj, and it is easy to show that it is identical to U defined by 
Eq. (22). 

Neutrinos are always produced and detected in well-defined fiavor eigen- 
states. These, however, are not eigenstates of the propagation Hamiltonian. 
This mismatch leads to neutrino oscillations. As an cxample, assume that 
there are only two neutrino species, i^e and ly^. An electron- type neutrino 
can be decomposed in terms of mass eigenstates \ui) and |f2) as 

\i/e) = cos^|z/i) +sin0|z/2), (24) 

where 6 is the mixing angle that parameterizes the mixing matrix C/.™ It is 
clear that the orthogonal muon-type neutrino state is = — sin^|z/i) + 
cos6\v2}- 

Assuming that the neutrino propagates as a plane-wave, at time t, the 
originally electron-neutrino state evolves into 

\u{t,x)) = coséle-'f^^lz/i) +sin6'e-*f^^|i/2). (25) 

The all-important phase factor is given by piX = Eit — piX ~ {Ei — Pz,i)L 
{i = 1,2) assuming that the neutrino is ultrarelativistic (always a very 

'The dependency of the /3-decay spectrum on the neutrino masses is a function of m^^ 
only in the limit where all neutrino masses are small enough.^^ 

™A 2x2 unitary matrix is parameterized by four real parameters. The other three 

paramctcrs, liowcvcr, turn out to bc cithcr unphysical or at least unobservable in the 
fiavor oscillation phenomenon discussed here. 
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reasonabk; assumption) and travelling a distancc L along the z-direction. 
On thc othcr hand, E,-p,^, = {Ef - \p\^)/{Ei +p,^i) ~ my2Ei ~ 771"^ /2E 
where í^i ~ £^2 — -B, and Ei ~ \pi\. Hcnce 

\iy{L)) = cos6»e-*"i^/2i3|j,^^ ^ sin 6»e-*"^^/2·^|z/2). (26) 
The probability that this state is an electron neutrino is 

= (cos^(!^i| +sin^(ï/2|) (cos^e-*'"i^/2·^|z/i) +sin0e-*'"2^/2^|z/2))r, 
= cos^ ee-'^""^/^^ + sin^ ^g-^'^^^/^B ' ^ 

= COS^ e + Sin^ e + 2 Sin2 COS^ 9^ (^^-i{ml-ml)L/2E^ ^ 

2n ■ 2 n í ^ - cos(Am'^L/2E)\ 
= 1-4 cos^ 9 sm^ 0' ^ ' ^ \ 



1 -sin^ 2^sin^ 



AE 



(27) 



where Am^ = m\—m\ is the neutrino mass-squared difference. The unitary 
evolution of the neutrino state guarantees that Pee = -P/ü/h = 1 — -Peju = 
1 - P,,. . 



3.1.1. Physics of Two-Flavor Vacuum Oscillations 

Eq. (27) dictatcs that an originally clcctron-typc neutrino has a non-zero 
chance of being detected as a muon-type neutrino after it propagates a 
finite distance L. Pe^ as a function of L for fixed Am^ and E is depicted 
in Fig. 6. It is, of course, a periòdic function of L. Its niaxinium is given 
by sin^ 29, and occurs every time L ~ {2n + l)Losc/2, n = 0, 1, 2, . . ., where 
Losc is the neutrino oscillation length, dcfincd as 

Nontrivial efïects are observed under two conditions. First, sin^ 29 should 

not be too small. Second, thc neutrino oscillation Icngth should not bc much 
longer than the distance traversed by the neutrino. For particle physics-like 
neutrino energies (1 GcV), mass-squared difïerences of 1 eV^ can be probed 
if the baseline is in the kilometer range. 

It is \iscful to illustratc with a fcw cxaniplcs. If neutrino oscillations in 
vacuum have anything to do with the solar neutrino puzzle {E ~ 10 MeV, 
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L 

OSC 



L(a.u.) 



Figuro 6. Peji in vacuum as a function of L for fixed vàlues of E, C\m? , and sin^ 1d. 

L — 1 astronomical unit) Am^ ~ 10"^" and sin^ 29 ^ 1 ïs required. This 
possibility, referred to as the "just-so" solution, was ruled out by data 
from Super-Kamiokande and SNO. It is somewhat irònic that the oldest 
neutrino puzzle cannot be addressed by two fiavor vacuum oscillations. It 
turns out that forward neutrino-electron scattering modifies the oscillation 
probabihties significantly, as will be discussed in the next subsection. 

On the other hand, antineutrino fluxes from nuclear reactors have been 
measured far away from the reactor site. For example, the CHOOZ experi- 
ment in France,^'^ has measured the flux of electron-type reactor antineutri- 
nos a little over one kilometer from the source. They have established that 
the observed flux agrees with the predicted one, and are able to set bounds 
on neutrino oscillation parameters, as depicted in Fig. 7. The shape of the 
exclusion curve is easy to understand. For Arri^L/AE ^ 1, the oscillatory 
effects average out (remember that the reactor spectrum is continuos, and 
that the detector has a finite energy resolution) and Pee — 1 — 1/2 sin^ 29. 
The CHOOZ result, which can be translated into, roughly, P^e > 0.95, 
bounds sin^ 26* < 0.1. On the other hand, in the limit /\m?L/AE ^ 1, 
Pee ^ 1 - sin^ 26l(Am2)2(170)2 which leads to 



For many more details, please see Ref. 23. 

The final example is related to the atmospheric neutrino data. It is 
fit very well by ^ oscillations with Am^ ~ 2 x 10~^ eV^ (such 
that Losc ^ 1000 km for 1 GeV ncutrinos) and sin^ 29 ^ 1. For more 
details, see one of the homework problcms in the appendix. The neutrino 
oscillation interpretation of the atmospheric data has, more recently, been 




(29) 
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Figure 7. Exclusion plot at 90% confidence level (sCL) for the oscillation parameters 
based on the difïerential energy spectrum; the FC contour, obtained with correct sys- 
tematics treatment, is also shown. From M. ApoUonio et al., Eur. Phys. J. C 27, 331 
(2003). 

confirmed by the K2K accelerator search for z/^ disappearance {E ^ 1 GeV, 
L - 250 km). 24 



3.2. Oscillations in the Presence of Matter 

The neutrino propagation equation, in the uhra-rclativistic approximation, 
can be re-expressed in the form of a Shròdinger-hke equation. Start with 
the mass-basis: 



2E' 



(30) 



up to a term proportional to the identity {c\vi), where c is a constant that 
does not depend on i), which is nonphysical (overall phase). By making 
use of Í7^Í7 = 1, and multiplying both sides of the equation above by U/^i 



(31) 
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In the 2x2 case, 

.à_nue)\^Am^/' sin^e cos 9 sin 9 \ f ^e) \ , . 

^dL\\u^)) 2E Vcos6'sin6l cos^ é» ) ) ' ^ ' 

up to additional tcrms proportional to thc 2x2 idcntity matrix. Eq. (32) 
describes the propagation of flavor eigenstates, which contains, in general, 
non-diagonal terms and, hence, mixing. 

Let us re-examinc thc Fermi Lagragian, conccntrating on thc electron- 
type neutrinos and thcir intcraction with electrons. After a Fiertz rear- 
rangement of the charged-current tcrms, thc Lagrangian is 

L D VeLid^j^VeL - 2V2Gf {veLl^Veh) (eLj^eL) + .... (33) 

Given the Lagrangian above, we wish to compute the equation of motion 
for one electron neutrino state in the presence of a non-relativistic electron 
background. In this case, we need to compute 

{eLli^eL} =6i^o-^ (34) 

wherc Nf. = e^e is thc averagc electron number density (which is at rest, 
hence the part), and the factor of 1/2 comes from the fact that half 
of the electron number density is right-handed, while the other half is left- 
handed. The neutrinos only see the left-handcd half. 

Ignoring mass-terms for the time being, the Dirac equation for a one 
neutrino state inside a cold electron "gas" is 

(za^7^ - V2Gf iVe7o)|í^e) = 0. (35) 

Note that Eq. (35) is not Lorentz invariant. Its solutions arc still plane-wave 
like and, in the ultrarelativistic limit and in the limit that y^Gp^e <C E, 
the neutrino dispersion relation is 

E ~ IpI ± V2GFNe, (36) 

where the plus sign applies to the positive energy solutions (neutrinos) 
and the minus one to the negative energy ones (antineutrinos) . The modi- 
fied dispersion relation of neutrinos propagating in matter is similar to the 
modified dispersion relation of photons propagating inside matter (index of 
refraction) . 

\/2GFNe is referred to as the matter potential, becausc it looks like 
a "potential energy" term for the neutrino (using a classical mechanics 
analogy, E = T + V). 
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It is easy to see how the effects of matter will change Eq. (32): 



._d 

'd'L \\u^) 



sin^ 6 cos6'sin0\ . í A 0\ , i^,,, , ^^^^ 



2E Vcoséfsineí cos^e / I 00 



where A = ±^/2GfN^ (+ fer ncutrinos, — for antincutrinos). A simi- 
lar effect also comes from neutral currcnt interactions. These, however, 
are common to all (active) neutrino spccics, and translate into a term in 
Eq. (37) proportional to the identity matrix. 

Eq. (37) is not easy to solvc in general. A is proportional to the clcctron 
number density along the path of the neutrino, which can be a complicated 
function of L. Eq. (37) can be thought of as a two-level non-relativistc 
quantum mcchanical system in the presence of an external potential which 
can be "time" dependent. 

Under several conditions, however, Eq. (37) can be solved exactly, and 
ril discuss two of the most useful ones. The first obvious approximation 
is to assumc that A is a constant. This is a very good approximation for 
neutrinos propagating through matter inside the Earth, with the exception 
of neutrinos that traverse different "Earth layers" (the crust, the mantle, 
the outer core, the inner core). 

Rewrite Eq. (37) as 

, A (\'''^A = ( ^ A/2sin20\ / \ 

where A = Am'^/2E. By comparing Eq. (38) to Eq. (32), it is easy to guess 
that (c/. Eq. (27)) 

Pe^ = sin^ 20M sin^ ( , (39) 



where 9m is some effective matter mixing angle charactcrisitic of the cigcn- 
vectors of the Hamiltonian in Eq. (38), while Am is the diffcrcnce between 
the eigenvalues of the Hamiltonian in Eq. (38). Am is also proportional to 
the effective inverse oscillation length in matter. Some trivial linear àlgebra 
reveals 



Am = yJ{A-A cos 26»)^ + A2 sin^ 261, (40) 
AMSÍn26lM = Asin2é', (41) 
AMC0s2é'M = Acos26'. (42) 

The presence of matter affects neutrino and antineutrino oscillation dif- 
ferently. This effective "CPT-violation" is expected, given that we are 
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assuming that the neutrinos are propagating in a background of electrons. 
The CPT-theorem relates the propagation of neutrinos in an electron back- 
ground to the propagation of antineutrinos in a positron background. 

Furthermore, the presence of matter allows one to explore the neutrino 
mass and mixing landscape "morc." It is instructive to ask what is the 
"physical parameter" space of two-flavor neutrino oscillations, i.e., what 
are the vàlues of 9 and AmP that span all the distinct physical circum- 
stances? Here, l'U choose > m'l (one can view this as the definition 
of Ui and 1/2 as, respectively, the lighter and the heavier neutrino), such 
that Am^ G [0,00}. Under these circumstances, = corresponds to 
\i^e) = Wi) (the lighter state), while 6 = 7r/2 corresponds to \Uf.) = lu^) (the 
heavier state). Givcn that oscillation experiments arc not scnsitivc to the 
relati ve phase between the |;yi) and 11^2) components of |í^e)," 6 G [Oj'''/^] 
describes all physically distinguishable circumstances. Eq. (27), however, is 
invariant under 6 ^ tt/2 — 9, such that it cannot tcU whcthcr the |i^e) state 
is "mostly light" (cos^ 9 > sin^ 6*, the "light-side"^^) or "mostly heavy" 
(cos^ 9 < sin^ 9, the "dark-side''^^). 

Oscillations in matter, however, do not sufïer from the same degener- 
acy problcm. Since Eq. (40) dcpcnds on cos 20, oscillations in matter are 
sensitive to the entire two-flavor oscillation parameter space. Fig. 8 depicts 
Pe/i in vacuum and in matter, assuming that the sign of A agrees or dis- 
agrees with the sign of cos 2^. It is clear that when the two signs agree 
(disagree), there is an enhancement (suprcssion) of the transition ampli- 
tude, sin^ 29m > (<) sin^ 29. Optimal enhancement can be obtained when 
A = Acos2^, the so-called resonant condition, in which case sin^ 29 m = 1- 
It is also clear that the oscillation Icngth increases (dccrcases) with rcspcct 
to the vacuum one in the case of a matter enhancement (suppression) . An- 
other interesting feature is the fact that, for small L, matter effects "don't 
matter." This is very easy to see by plugging Eq. (41) into Eq. (39) in the 
limit AmL,AL < 1. 

3.2.1. Varying Electron Number Density — The MSW Effect 

It is curious that in order to understand the oldest neutrino puzzle, one 
is required to use more advanced "technology" than the one developed 
above.^^ Solar neutrinos are created deep inside the Sun where the matter 
density is very high and propagate outward until they eventually meet 



"Check this (or see, for example, Ref. 25)! 
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sign(A)=-sign(cos29) 



L(a.u.) 



Figure 8. Pep as a function of L for fixed vàlues of E, Hm? , A, and sin^ 29 in vacuum 
and in matter, assuming sign(j4) =sign(cos29) and sign(j4) = — sign(cos 29). 

"empty space." Along the way, the electron number density varies, to a 
reasonably good approximation, exponentially.^^ 

In general, there is no exact solution to the propagation of neutrinos in 
matter of varying density. However, if certain approximations apply, a nice 
qualitative understanding can be obtained.^* This is, fortunately, the case 
for solar neutrinos and neutrinos from other astrophysical sources. 

First, consider the "Hamiltonian" of Eq. (37), which I reproduce again 
below 



and compute its eigenvalues as a function of A (for fixed A and 6). These 
are depicted in Fig. 9 in the case cos 29 > 0. 

Assume that one starts at very large, positive, vàlues of A (say, inside the 
Sun) such that |i^e) ~ |í^2Af), the heavier Hamiltonian eigenstate associated 
to this value oí A (this is easy to see from Eq. (43), in the limit A 3> A). Let 
us further assume that A decreases "slowly" as a function of L, such that 
the system evolves adiabatically. In this case, the initial {ve) will track the 
heavy "instantaneous Hamiltionian eigenstate," such that, when A reaches 
zero (say, at the "end" of the Sun), the original |i/e) is now a |i^2) state. In 
summary 



long as the approximations mentioned above apply — ideal to explain the 




(43) 
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Figure 9. Eigenstates A of the Hamiltonian Eq. (43) as a function of A, for fixed A and 
0, modulo a constant term, common to both eigenstates. 

energy independent suppression of the solar neutrino flux! Furthermore, 
sin^ 8 G [0, 1], which means that large average suppressions of the neutrino 
flux are aUowed if sin^ <C 1 . This is to be compared with averaged out 
vacuum osciflations P^^" = 1 - 1/2 sin^ 26» > 1/2. 

One can expand on the result above by loosening some of the assump- 
tions. For example, assumc that a ji/g) state is produced in the Sun's core 
as an incoherent mixture of |i^im) and \i'2m)° Furthermore, introduce an 
adiabaticity parameter Pc, which measures the probabihty that a \vím) 
matter Hamiltonian state will not exit the Sun as a [vi) mass-eigenstate. 
Hence 

|í/e) \i^im), with probabihty cos^6'm, (46) 
W2m), with probabihty sin^6'M, (47) 
where 9m is the matter angle at the neutrino production point. Further- 



°Numerically, this is an excellent approximation, due to the fact that the neutrino pro- 
duction region inside the Sun is "large," while the matter oscillation length inside of the 
Sun is "small." 
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more, 

I^^im) li'l), with probability (1 — Pc), (48) 

W2), with probability P^ (49) 

|t'2M) ^ Wi) with probabihty Pc, (50) 

I1/2) with probabihty (1 - Pc). (51) 
FinaUy, since Pie = cos^ 6 and P2e = sin^ 9, one can simply read ofF 
Pfj^" = cos2 Om [(1 - Pc) cos2 e + Pc sin^ é»] 

+ sin^ Om [Pc cos^ 6» + (1 - Pc) sin^ 6»] . (52) 

For an exponential electron number density = Neoe~^^^°, Pc, also re- 
ferred to as the crossing probabihty, is exactly calculable^^ 

g-7sm^ _ g-7 

Pc = , 7 = 27rroA. (53) 

Note that for 7 » 1, Pc ^ as expected, since 7^1 imphes 1/ro <C A, 
i.e., the natural frequency of the system is much larger than the rate of 
change of the potential, which is the adiabatic condition. 

The best application of Eq. (52) is in solving the solar neutrino puzzle. 
In particular, for Pc = 0, the qualitativc dcscription of P^e is dcpictcd in 
Fig. 10. This particular shape is ideal to fit the solar data as long as one 
requires sin^ ~ 0.3 and Am? ~ 10"^ eV^ to 10"^ eV^. 

The solar neutrino puzzle was ultimately resolved by the KamLAND re- 
actor antineutrino experiment. For Am^ vàlues in the prcfcrrcd solar range, 
reactor antineutrinos, with typical energies in the 1-10 MeV range, have an 
oscillation length Lqsc ^ 2 x 10^ m. Hence, if one could measure the reac- 
tor antineutrino flux somc 100 km away from a nuclear reactor, one should 
observe an order one suppression (because the solar data implies a large 
mixing angle) of the antineutrino flux. The catch is that the expected flux 
from a nuclear reactor 100 km away is tiny (remember that í» oc in the 
universe we live in, with 3+1 large spacetime dimensions), which requires a 
very big detector or a really powerful nuclear power plant. The KamLAND 
collaboration addressed this problem by building a very large liquid scin- 
tillator detector (around 1 kton) and placing it around 100 km away from 
severai nuclear reactors in Japan. It is a very impressive achievement of our 
understanding of neutrino and solar physics that the results obtained by 
KamLAND regarding the neutrino oscillation parameters agree perfectly 
with the results of the solar experiments. This agreement in depicted in 
Fig. 11. 
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Figure 10. Electron neutrino survival probability, Pee, as a function of neutrino en- 
ergy for the (daytime) LMA oscillation solution. For small vàlues of the parameter /3, 
the vacuum (kinematic) oscillation effects are dominant. For vàlues of fS greater than 
unity, the MSW (matter) oscillations are most important. In order to proper ly fit the 
solar neutrino data, the transition between vacuum and matter oscillations should occur 
somewhere in the region of 2 MeV. In the case of two flavor oscillations, set 613 = 0, 
and 612 = 9. From http://www.sns.ias.edu/~jnb and J.N. Bahcall and C. Pena-Garay, 
JHEP 0311, 004 (2003). 



4. Solving the Neutrino Puzzles 

In order to fit solar, atmospheric, reactor and accelerator neutrino data 
(except for the LSND anomaly, cf. Sec. 5), it is clear that two-fiavor oscil- 
lations do not sufBce. The reason for this is obvious: among other things, 
solar/KamLAND and atmospheric/K2K data point to very different vàlues 
of the mass-squared difference and the mixing angle. Of course, the situ- 
ation is naively remedied once one remembers that we are aware of three 
neutrinos — not two. 

For three neutrino flavors, the MNS matrix is defined as 

J = C/mi C/m3 , (54) 

VtJ \UrlUer2Ur3/ K^s / 
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Figure 11. LEFT — Noutrino oscillation parameter allowed region from KamLAND 
anti-neutrino data (shaded regions) and solar ncutrino experiments (Unes). RIGHT — 
Result of a combined two-neutrino oscillation analysis of KamLAND and the observed 
solar neutrino fluxes. The fit gives Am^ = 7.9to'.t x 10"^ eV^ and tan^ 6» = 0.40to J? 
including the allowed one sigma parameter range. From T. Araki et al. [KamLAND 
CoUaboration], hep-ex/0406035. 



and its elements are, of course, not all independent. It is customary^ to 
parameterize U in Eq. (54) with three mixing angles ^12,^13,^23 and three 
complex phases, (5, ^, ry, defined by 

|^=tan20i2; |^^ = tan2 023; C/e3 = sin 0136"^^ (55) 

with the exception of ^ and 77, the so-called Majorana CP-odd phases. 
These are only physical if the neutrinos are Majorana fermions, and have, 
unfortunately, virtually no effect in flavor-changing phenomena.^ We have 
no idea what their vàlues are or even whether they are physical observables! 

In order to proceed unambiguously, it is necessary to define the neutrino 
mass eigenstates, i.e., to "order" the neutrino masses. This is most oftcn 
done in the following way: rn^ > m\ and Am^2 < |A"^i3l· In this case, 
there are three mass-related observables: Am^2 (positive definite), jAm^gj, 
and the sign of Am^g. A positive sign for Am^g implies m§ > rn^ — a 
so-called normal mass-hierarchy — while a negative sign for Am^g implies 
m| < ml — a so-called inverted mass-hierarchy. The two distinct neutrino 
mass-hierarchies are depicted in Fig. 12. Finally, the data teli us that the 



Pfor a more detailed discussion of Majorana phases and their physical efi'ects, see, for 
example, Ref. 31 
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ratio Amfj/IAmfgl < 1/30 is small. We will take full advantagc of that in 
what foUows. 



normal hierarchy 



inverted hierarchy 



I (m,) (m,)-| 



I (m,)' 



I (m,)' 



□ v„ 



(m,) I 



Figura 12. Cartoon of the two distinct neutrino-mass hierarchies that fit all of the 
current neutrino data, for fixed vàlues of all mixing angles and mass-squared differences. 
The color coding (shading) indices the fraction |{/qí|^ of each distinct fiavor Ua, ct = 
e,/i,T contained in each mass eigenstate Ui, i = 1,2,3. For example, |í7e2p is equal to 
the fraction of the (1712)'^ "bar" that is painted red (shading labeled as 'í^e')- 



In vacuum, the oscillation probabilities can be written as 
Pa/3 - S^p + Al°}i sm^ —f- + sm2 ' 



,2 A™2 



+F^^^{L,Ami„Ami^), (56) 

where Aa/3 ara the "solar" and "atmospheric" amplitudes, functions of Uai, 
while Fap are "interference terms.'"' 

The survival probability of atmospheric muon-type neutrinos is given 

by 

1 - 4|C/,3p (1 - |C/,3P) sin^ (^^^ 



(57) 



IPU leave as an exercise to show that this is the case, and to figure out what the 
expressions for the A's and F's are. 
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ignoring effects from thc "solar" oscillation Icngth, which will turn out to be 
much longer than the the Earth's diameter for typical atmospheric neutrino 
energies. For the same reason, the survival probabihty of reactor electron- 
type antineutrinos at the CHOOZ experiment (L 1 km) can be written 
as 

pCHOOZ ^ 1 _ 4|f,^^|2 (1 _ |^^^|2^ ^i^2 (^^^) . (58) 

Eq. (57) and Eq. (58) are effective two flavor oscillation expressions, and 
the data require (i) Amfg ~ 2 x 10~^ eV^, (ii) |C/^3p 0.5, and (iii) 
|í7e3p = sin^ < 0.05. Unitarity of U combined with (ii) and (iii) lead to 
\Ur3\'^ ~ 0.5, such that tan^ 6*23 ~ 1. 

The survival probabihty of electron-type neutrinos from the Sun and 
antineutrinos from reactors at KamLAND is given by 

Pee ^ COS^ 0i3P2"(A™?2, Sin^ ^12) + sin^ ^13, (59) 

where P^^ is the appropriate two-flavor neutrino oscillation equation with 
Am^ = Ami2, sin^^ = sin^^i2, and a modified matter potential A — > 
Acos^ 6*13. Thc rcasons bchind thc validity of Eq. (59) arc (i) "atmospheric" 
effects average out given that the associated oscillation lengths are much 
smaller than the baselines of the KamLAND experiment and (ii) the matter 
potential in the Sun's core is significantly smaller than \Ami^\/{2E) for 
solar neutrino energies. 

Again, Eq. (59) is almost an effective two-flavor oscillation expression 
(especially because ^13 is known to be small), and the data point to Amf2 ^ 
10-4 eV2 and sin^ 6*12 ~ 0.3. 

Detailed combined analyses of all neutrino data are consistent, at the 
three sigma confidence level, with^^ 

• sin^ 9i2 = 0.30 ± 0.08, mostly from solar data; 

• sin^ ^23 = 0.50 ± 0.18, mostly from atmospheric neutrino data; 

• sin^ 9i3 < 0047, mostly from atmospheric and CHOOZ data; 

• Ato^2 = 8.1 ± 1.0 eV^, mostly from KamLAND data; 

• jAm^gl = 2.2 ± 1.1 cV^, mostly from atmospheric neutrino data. 

These results are summarized in Fig. 13. As one can clearly see, in the 
span of less than a decade we have "evolved" from not being sure whether 
neutrinos had mass to "precisely" measuring the neutrino mass-squared 



■^In the figure, Am|j. is defined by m| —m^j, as opposed to the one I adopt here, m? — ííif ■ 
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differences and the elements of the leptonic mixing matrix. But a lot of work 
is still left for the next-generation of neutrino experiments (and "neutrino 
theorists!"). 
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Figure 13. Projections of the allowed regions from the global oscillation data at 90%, 
95%, 99%, and Ser confidence levels for two degrees of freedom for various parame- 
ter combinations. Also shown are the vàlues of Ax^ as a function of the oscillation 
parameters sin^ Si2,sin^ 623, sin*^ ^13, ^^12' ^^^13' rninimized with respect to all undis- 
played parameters. From M. Maltoni, T. Schwetz, M.A. Tortola and J.W.F. Valle, 
hep-ph/0405172. 



4.1. Plans for the Future 

As far as neutrino oscillation experiments are concerned, and assuming 
there are no other surprises lurking somewhere, we still need to find out 

• the sign of Am^3 or what is the neutrino mass hierarchy?; 

• the value of ^13 or is \Uez \ ^ 0?; 

• the value of 5 or is there CP-invariance violation in neutrino oscil- 
lations?; 

• the value of 1/2 — sin^ ^23 or how close to maximal is Vr 
mixing? 
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Furthermore, we need to know scvcral of the already-measured oscillation 
parameters more precisely in order to start filling in the gaps. Current, 
near-future, and far-future experiments are being built/planned/considered 
in order to fully piece together the neutrino flavor-change phenomenon. 

Therc arc "on-going" long baselinc experiments. All of these consist of 
a muon-neutrino beam, just like the one used to discover the muon-type 
neutrino, aimed at a detector some hundreds of kilometers away. These 
include 

• The K2K experiment ("KEK to Kamionka"), already alluded to 

and currcntly taking data in Japan. K2K studics the disappearance 
of muon-type neutrinos in the "atmospheric frequency." K2K data 
agree with Super-Kamiokande atmospheric neutrino data, and the 
collaboration has rccently reported a hint of an "oscillatory sup- 
pression" of the l·'p-flux;^'* 

• The MINOS experiment ("Main Injector Neutrino Oscillation 
Search"), is being built at Fermilab and should start data tak- 
ing in the cnd of 2004."^^ It is similar to the K2K experiment, 
with a longer baseline {L = 732 km) and higher neutrino energies 
(£J ~ 1 — 10 GeV). Minos has the ability to see a more pronounced 
oscillatory behavior of the muon spectrum at the far detector, and 
will be able to measurc Am^g more precisely than K2K. It is also 
more sensitive to appearance driven by a nonzero |t/e3p 
than CHOOZ was sensitive to Pe disappearance (by about a factor 
of two). 

• The CNGS ( "CERN Neutrinos to Gran Sasso" ) project is being con- 
structed at CERN, and aims at starting data taking in a few years.^^ 
Its baseline is similar to the MINOS one, but the typical neutrino 

energies are much higher (tens of GeV). Among other things, it is 
sensitive to tau-appearance driven by the expected "atmospheric" 
i^n i^T oscillations. 

Near-future oscillation experiments are either under construction or 
their proposals are (in most cases) under review.^ l'U highlight two classes 
of experiments: 

• Long baseline experiments optimized to study — > i/g transitions 



recent study of the future of neutrino physics has recently become available.^^ It 
dcscribes future experiments in much more detail, and contain a large amount of infor- 
mation. 
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governed by the atmospheric mass-squared difference. In this case 



where the 'mattcr' supcrscripts indicatc that niattcr cfFccts may be 
sizeable, and the el·lipsis indicate sub-leading effects due to "solar" 
oscillations. 

These setups arc not only scnsitive to |/7e3p5 but are also sensi- 
tive to the sign of Amfg, as long as the mattcr cfïccts arc significant. 
Furthermore, they are also sensitive to effects of the CP-odd phase 



• Ncxt-gcncration reactor experiments, with baselincs around onc 
kilometer. Here the oscillation probability is given by Eq. (58), 
and the goal is to improve on the sensitivity of the CHOOZ ex- 
periment by an order of magnitude. This is hoped to be achieved 
by optimizing the rcactor-detcctor distance, and adding a near- 
detector, capable of measuring the reactor antineutrino flux and 
reducing systematic errors significantly.^^ Complementary to long- 
basclinc studies, thcsc setups arc only scnsitive to iC/esI^- 
Hence, they can obtain a very "clean" measurement of |í7e3|^, but 
do not have the ability to determine the mass-hierarchy or whether 
CP-invariance is violated in the neutrino oscillations. 

Further in the future, the neutrino community is contemplating building 
completely new neutrino facilities, capable of providing difïerent, precisely 
calculable neutrino beams. Among them are 

• Neutrino Factories, or muon storagc rings. The idea is to accclcratc 
and "store" muons in a ring-like structure.'^'' Natural muon decay 
produces an intense, very well known beam of muon-type neutrinos 
and electron-type antineutrinos (or vice-versa, depending on the 
muon-charge) . Note that neutrino factories ofFer a very intense, 
high energy electron-type neutrino beam, something we have not 
been able to work with so far! This allows one to study Uf. — > i/^ 
transitions (as opposed to ^ i^e). — > v^, not only serves as 
a new channel to probe neutrino flavor changc, but it is often the 
case that high-energy muons are easier to study in typical neutrino 
detectors than electrons. 

• More recently, the community has becn considcring a different op- 
tion for generating a high energy electron-type neutrino beam — 




(60) 



6. 
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/?— beams.'^* Thcse consist of accclcrating to largc 7-factors and 
storing /3~ and /3+ dccaying nuclci (say, ^He^^Li+e~ + j/g and 
^^Ne^^^F+e"*" + í^e) and using them as sources of electron-type an- 
tineutrinos or neutrinos, respectively. 

Needless to say, there are many physics and technology (and financial) 
issues that need to be resolved before either ncnitriuo factories or beta- 
bcam facilitics can bc built. Thcy are, nonethclcss, the snbjcct of scrious 
research and development activity and are viewed as the most powerful 
tools to study neutrinos in particular, and lepton physics in generaL They 
may ultimately be requircd in order for us to obtain a deeper and more 
satisfying understanding of neutrinos. 

5. Unsolved Puzzle — the LSND Anomaly 

The LSND experiment^^ measured the neutrino flux produced by pion de- 
cay in fiight (7r+ — » n'^V/j.) and antimuon decay at rest e+i/gí'^). It 

observed a smah electron-type antineutrino flux some 30 meters away from 
the production region.^^ The originally absent ï/g-üvoí can be intèrpret as 
evidence that is transforming into üg with P^g of the order a fraction 
of a perccnt. The data also contain a wcak hint of a ly^ cxcess, which is 
both consistent with the z?^ — > üg hypothesis and consistent with zero. If 
interpreted in terms of two-flavor neutrino oscillations, the LSND anomaly, 
combined with constraints imposcd by scvcral other experiments, points to 
a mass-squared difference Am^gNu ^0.1—10 eV^, as depictcd in Fig. 14. 

The LSND result will be coníirmed or refuted by the on-going Mini- 
BooNE experiment, perhaps as early as the end of Summer 2005.^'^ Mini- 
BooNE consists of a Standard i^^-beam experiment (from 7r+ decay), with 
neutrino energies in the sub-GeV to GeV range and a baseline of around 
500 m. Its beam (neutrino versus antineutrino) and systematics are quite 
distinct from the LSND setup. 

It is easy to undcrstand why the LSND anomaly does not "fit" in the 
three flavor mixing scheme described in the previous section. With three 
neutrinos, one can deflne only two independent mass-squared diíïerences, 
and thcsc arc complctcly dctcrmincd by the solar, atmosphcric, reactor, 
and accelerator data. As discussed earlier, both mass-squared differences 
are much smaller than AmLSND- Given that the LSND results are yet to be 
confirmed by another experiment — indeed, the Karmen 2 experiment,'*^ 
using a similar setup but with a shortcr baseline {L = 18 m), could have 
confirmed the LSND anomaly but did not observe any excesses, ruling out 
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Figure 14. A (sin^ 26', Am^) oscillation parametcr fit for the entire data sample, 20 < 
Ee < 200 MeV. The fit includes primary üf^ — > Pe oscillations and secondary i/^ — > Ue 
oscillations, as well as all known neutrino backgrounds. The inner and outer regions 
correspond to 90% and 99% CL allowed regions, while the curves are 90% CL limits 
from the Bugey reactor experiment, the CCFR experiment at Fermilab, the NOMAD 
experiment at CERN, and the KARMEN experiment at ISIS. From A. Aguilar et al. 
[LSND CoUaboration], Phys. Rev. D 64, 112007 (2001). 



a significant portion of the LSND allowed parameter space (Fig. 14) — it 
is widely believe that "ordinary" three-flavor oscillations are responsible 
for "all-but-LSND-data," while the LSND anomaly could be due to morè 
exòtic new physics. Reinforcing this bias is the fact that, if indeed present, 
the LSND anomaly requires a very small transition probability. 

One possible solution to the LSND anomaly is to add extra, Standard 
model gauge singlet neutrinos,* capable of mixing with the ordinary, or ac- 
tive, neutrinos. While this allows one to define at least three mass-squared 
differences, it is not guaranteed that one is capable of fitting all neutrino 
data with four (or more) neutrino mixing. Indeed, detailed analyses'^^·'*^ 



*As discussed earlier, data from the LEP experiments,^ teach us that there are no extra 
very light "neutrino" degrees of freedom that couple to the Z^-boson with Standard 
model like couplings. Hence, additional light neutrinos are constrained to be gauge 
singlets, or sterile. 
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suggest that four neutrino mixing schemes are either very poor or at best 
mediocre fits to all neutrino data. 

The reason for this can be qualitatively understood in the foUowing 
way. There are two general neutrino mass-patterns capable of describing 
one large and two small mass-squared diíFerences. These are referred to as 
the "2+2" and "3+1" scheme, and are depicted in Fig. 15. 



2+2 3+1 











■ V. 

■ \ 













Figure 15. Two possible mass-patterns potentially capable of addressing all neutrino 
data, including those from LSND. The one on the left (right) is characteristic of a "2+2" 
("3+1") mass-scheme. 

The 2+2 schemes are disfavored for the foUowing reason. Short baseline 
neutrino data constrain |í7^i|, \ U^2\, iC^esI, \Ue4\ to be small. ^ If all of these 
are set to zero, atmospheric oscillations are driven by ji/^) cos(^\i>t) + 
sinC|z/s) mixing, where is a sterile neutrino and ^ is a mixing angle 
that characterizes the sterile component of the atmospheric neutrino "pair" 
of the muon-type neutrino. By unitarity, solar oscillations are driven by 
l^e) ^ — singlí/,-) +cosC|i^s) mixing. 

Both solar and atmospheric data constrain C. Atmospheric neutrino 
data are sensitive to a sterile component via Earth matter effects, and due 



"Here, lAmfjl = '^^sop l'^™34l = '^^ai 
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to the fact that tau-type neutrinos also interact with the detector. So- 
lar data are sensitive to a sterile component via matter effects in the Sun 
and in the Earth, and also due to the fact that tau-type neutrinos inter- 
act via neutral current interactions inside of SNO and Super-Kamiokande. 
Both solar and atmosphcric data see no evidence for a sterile component. 
Hence, atmospheric data set an upper bound for sin^ (, while the solar data 
require a small cos^ Ç. By combining both data sets, cos^ Ç + sin^ Ç is al- 
ready constraincd to be less than one,'^^''*^ "ruling out" the 2-1-2 scheme. 
Some attcmpts havc bccn made at understanding what happcns when the 
conditions |t/^i| = \U^2\ = \Ue3\ = \Ue4\ = are lifted consistent with 
experimental bounds (see, for example, Ref. 43) but one expects that these 
sub-lcading cfFccts will not Icad to a significantly bcttcr fit. 

The 3-1-1 schemes fit the atmospheric and solar data just íine, given that 
sterile neutrino effects are just a small perturbation to the ordinary three 
neutrino fit to all-but-LSND data. They run into some troublc whcn it 
comes to short-baselinc scarchcs for i/e and disappcarancc drivcn by the 
LSND frequency (see Fig. 14). LSND ^ ly^ oscillations are given by'^ 



while the survival probability of a species a — e, ii, for "short" L, is given 



The absence of electron-type and muon-type neutrino disappearance con- 
strains |í7e4p, I^^mI^ small, while the LSND data require | Í7e4 P x I C^/i4 P 
to be larger than a fraction of a percent.^^ The tension in the current data 
is not enough to rule out the 3-1-1 schemes, but it does lead to a mediocre 

Five neutrino mixing schemes have also been explored (see, for example, 
Ref. 45). These look like "3-|-l-l·l" schemes ("2-1-2-M" schemes do not fare 
much better than 2-|-2 schemes) and are designed in a such a way that the 
tension betwccn the short-baselinc and the LSND data is allcviatcd. With 
five neutrinos, it is possible to fit all the neutrino data properly, but some 
worry that the choices for mixing parameters and mass-squared differences 
are rather "finely tuned." 




(61) 
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^Here, Ato£ 
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lAm^J, Ví = 1,2,3. 
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More exòtic solutions to the LSND anomaly havc bccn proposed, and 
none of them seem to fit all data particularly well. Here I list some of them. 

The possibility that tl·iere are rare lepton-flavor violating /x+ e^Va^e 
decays^^ could explain the LSND data as long as the branching ratio for 
the flavor- violating decay was of order a fraction of a percent. Such decays, 
however, should also have been observed by the Karmen experiment, which 
disfavored this hypothesis at around the 90% confidence level.^^ Recently 
available precision data of the Michel electron energy spectrum^^ sccm to 
safcly rulc out flavor changing muon decays as a solution to the LSND 
anomaly. 

Postulating that neutrinos and antineutrinos have difïerent masses and 
mixing angles**^ rcccivcd a significant amount of attcntion in the past three 
years. The original idea was inspired by the fact that solar data required the 
disappearance of electron-type neutrinos, while those from LSND required 
the appearancc of clcctron-type antineutrinos. If neutrinos and antineu- 
trinos oscillatcd at diffcrent freqüències (diffcrcnt Am^), all data could be 
rendered compatible. Aside from all sorts of theoretical issues, the orig- 
inal CPT-violating setup was ruled out when KamLAND published the 
first evidcncc for antincutrino oscillations at solar freqüències. A sccond 
manifestation of CPT-violating solutions the the LSND data consisted of 
postulating that atmospheric oscillations in the antineutrino sector were 
driven by AmLSND- ^his possibility is strongly disfavored (at the three 
sigma level) by the atmospheric data.'''° 

Given the fact that none of the solutions to the LSND anomaly proposed 
to date seem completely satisfactory, it is fair to say that if MiniBooNE 
confirms the observations made by LSND, there is a good chance we have 
uncovered a novel physical phenomenon, i.e., we are yet to figure out what 
the LSND result is teaching us. This being the case, if the LSND anomaly 
is confirmed, all the necessary experimental and theoretical efïorts will most 
likely concentrate, first, on uncovering the mechanism responsible for the 
LSND flavor change. This will likely require (i) detailed analysis of all avail- 
able data, (ii) new, compelling ideas, and (iii) a series of other experimental 
neutrino efforts, capable of mapping out the LSND/MiniBooNE potential 
parameter spaces. We are still not sure what these should be! 

6. What Have We Learned? 

If one were to summarizc in onc sentence what we have learned after six 
years of remarkable experimental results, this would be it: 
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Neutrinos have (very, very tiny) masses. 

Massive neutrinos constitute the only palpable evidence we have that the 
Standard model of electroweak, and strong interactions (SM) does not de- 
scribe all strong, electromagnètic and weak phenomena. 

Fig. 16 depicts the value of the masses of all known fundamcntal 
fermions. Note the logarithmic scale. Fermion masses are very hierar- 
chical — it takes over thirteen orders of magnitude to fit them all in one 
plot! Quark masses span five orders of magnitude, while charged fermion 
masses span over three orders of magnitude. We don't know why fermion 
masses are distributed in this way. 



meV eV keV MeV GeV TeV 




12 



mass (eV) 



Figure 16. Masses of all known fundamental fermions. A normal mass-hierarchy has 
been assumed — m^^ < m^^ < m^^ — togetlier with a rather conservative upper bound 
ml. < 1 eV Vi = 1,2,3. The light, hatched region indicates the six-orders-of-magnitude 
"desert" between the largest possible neutrino mass and the electron mass. 

It is remarkable that the ratio of the largest possible neutrino mass to 
the lightest known charged fermion mass (the electron mass) is at least one 
order of magnitude less than the ratio of the electron mass to the top quark 
mass. Furthermore, while the electron-top "gap" is populated by all other 
charged leptons and quarks, the heaviest-neutrino-electron "gap" seems to 
be deserted. We also don't know why this is the case, but it does seem to 
be Nature's way of saying that there is something special about neutrino 
masses. It may be that neutrino masses are qualitatively different from 
charged fermion masses. 
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Before proceeding, l'U very briefly summarize the SM, and what I mcan. 
here, by going beyond it (see also Ref. 5). The SM is a Lorentz invariant 
quantum field theory, and its renormalizable Lagrangian is uniquely deter- 
mined once one speciíies its internal symmetries (gauged SU{3)c x SU (2) l x 
U{Í)y invariance) and particle content (Q, u, d, L, e, the matter fields, plus 
H, the Higgs doublet scalar field). The fact that the Lagrangian is renor- 
malizable implies that, naively, the SM is vàlid up to arbitrarily high energy 
scales (ignoring gravity, etc). It is easy to check that given the SM as de- 
fined above, neutrinos are strictly massless. 

There are several ways of modifying the SM and allowing nonzero neu- 
trino masses. The amount of experimental Information available is, how- 
cvcr, still insufficicnt to allow a particular candidata "ncw SM" to bc chosen 
over another, but there is reason to believe that more Information is on the 
way in the near (few years) to intermediate (several years) future. Here, 
l'il very briefly present two "minimal paradigms." 

Arguably, the simplcst way to "add" ncutrino masses to the SM is to 
give up on the renormalizability of the Lagrangian. This allows one to add 
(an infinite number of ) irrelevant operators consistent with the symmetries: 

L.„ = Ls„-A"»™Í + 0(^). (63) 

All fermion fields are understood to be Weyl fermions, such that, for exam- 

ple, the chargcd Icpton Yukawa operator is written as LHe, where e is the 
(positively) charged-lepton SU{2)l singlet field. 

Two facts are remarkable. One is that (LH)^ is the only type of 
dimension-fivc operator allowed by the SM gauge invariance and parti- 
cle content.'"'^ The othcr is that, as long as M is much largcr than (H), 
the Higgs vacuum expectation value, the only observable consequence of 
Eq. (63)^ is that neutrinos get a nonzero mass after electroweak symmetry 
brcaking: m„ = \{H)'^ /M . An extra "bonus" is that neutrino masses are 
naturally much smaller than all other fermion masses m/ oc {H) by a factor 
{H)IM. 

Another important consequence of Eq. (63) is that lepton number is 

not a good symmetry {(LH)'^ brcaks lepton number by two units). Lepton 
number violation is "encoded" in the fact that the neutrinos are Majorana 
fermions. 



"'This is not ncccssarily corrcct. One also has to worry about dimcnsion six operators 
that lead to baryon number violation and a finite lifetime for the proton. 



February 2, 2008 1:28 Proceedings Trim Size: 9in x 6in 



lectures 



50 



M can be described, roughly, as the energy scale above which Eq. (63) is 
no longer vàlid. There is very littlc information rcgarding the magnitude of 
M, but one can set an upper bound for M by assuming that A ~ 47r,^^ i.e., 
by assuming that the physics replacing Eq. (63) at the scale M is strongly 
coupled. In this case 



If Eq. (63) is indeed the correct low-energy description of Naturc, neutrino 
masses represent the íirst direct evidence that the SM is an effective field 
theory, vàlid up to an energy scale less that 10^^ GeV (or so), which is, 
in turn, much Icss than the Planck scale. ^^'^^ It is also impressivc that the 
upper bound above coincidcs, qualitatively, with the energy scale whcrc all 
three running gauge coupling constants of the SM seem to meet, Mqut ~ 



Therc arc scvcral diffcrent proposals for the physics that replaces 
Eq. (63). The most famous one is the seesaw mechanism,^** described in 
detail in Ref. 5. 

A completely diíferent option is to assume that neutrinos are, similar to 
all charged matter fields, Dirac fermions. In this case, in order to render the 
neutrinos massive, it sufïices to add extra SM gauge singlet Wcyl fermions 
Ni ( "right-handed neutrinos"), and Yukawa couplings between H, La, Ní: 



After electroweak symmetry breaking, the neutrino mass matrix is given 
by rrii, = y{H), similar to the up-type and down-type quark mass matri- 
ces and the charged Icpton mass matrix. The magnitude of the neutrino 
masses requires y < 10~^^, at least six orders of magnitude smaller than 
the electron Yukawa coupling. It is clear that a natural explanation for 
the smallncss of the neutrino mass is not contained in Eq. (65). On the 
positive sidc, Eq. (65) is renormalizable, meaning that this new SM version 
is, naively, vàlid up to arbitrarily high energy scales. 

Modulo a natural explanation for the size of the neutrino mass, one 
could try to arguc that Eq. (65) is a rathcr innocuous addition to the SM 
Lagrangian. I belicvc this is not the case. Eq. (65) is not the most general, 
renormalizable Lagrangian consistent with the symmetries of the SM. Once 
the fields Ni are introduccd, the dimcnsion-thrce Majorana mass operators 
^M}}NiNj should also havc bccn introduccd, given the fact that N^s are 
gauge singlets. One needs, therefore, to modify the symmetry structure 




(64) 



IQi^-is GeV. 



Lnew = LSM — VaiLaHNi + H.C. . 



(65) 
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of the SM in order to forbid a Majorana mass tcrm for thc right-handcd 
neutrinos. One simple way of doing this is to add to the SM an internal 
global symmetry, e.g. U{1)b-l, where B stands for baryon number, and 
L for lepton number.^ Note that, in the massless-neutrino SM, U{1)b-l 
is an accidental global symmetry, i.e., it arises as a consequence of the 
imposed gauge symmetries and the particle content. Among other things, 
this means that there was, a priori, no reason to believe that it needed to 
be conserved by allowed SM extensions, including SUSY, quantum gravita- 
tional effccts, etc. If Eq. (65) is indccd the correct description of ncutrino 
masses, U (1) b-l needs to be "upgraded" to an imposed fundamental global 
symmetry, and it is expected to be preserved by, say, quantum gravity, etc. 

Scvcral distinct mcchanisms for cxplaining naturally light Dirac neu- 
trino masses exist, for example, in the various models with either "large" 
or "warped" extra dimensions. ^^'^^'^'^ This is rather convenient, given that 
most rcalizations of thcsc models have a rather low ultraviolet cutoff, mcan- 
ing that thcsc models arc cfFcctivc ficld thcorics that nccd to bc rcplaccd by 
unknown new physics at energy scales well below the Planck mass (more 
often, close to the electroweak breaking scale). Therefore, in order to avoid 
genèric dimcnsion-fivc operators as in Eq. (63) suppressed by M > 1 TeV 
and hence unacccptably largc Majorana neutrino masses, one is "required" 
to impose Í7(1)_B-L (or somcthing similar) as a fundamental global sym- 
metry.^ 

6.1. The Faith of Lepton Number 

Except for the nature of the neutrinos, both neutrino mass paradigms 
— Eq. (63) and Eq. (65) — predict one and the same thing: neutrinos 
have mass. In order to make significant progress in understanding neu- 
trino masses, it is clcar that we nccd to cstablish, by some means, whether 
neutrinos are Dirac or Majorana fermions. 

The way to test whether neutrinos are Majorana fermions is to look 
for processes that violate lepton number, including forbidden decays like 
— > 7r~/i+^"'" and/or scattering processes, like l·'g + p ^ e+ + n. It 
turns out that if the neutrinos are Majorana fermions, all such processes 

^U{1)b-l is not anomalous, meaning it is not broken by non-perturbative quantum 
mechanical eflfects, unlike U{1)b or !7(l)x,. 

^In all fairness, this is not a unique "feature" of extra-dimensional theories. The MSSM, 
for example, runs into similar problems if R-parity is not imposed as a fundamental 
symmetry. This is, of course, a consequence of the fact that U{1)b-l 's an accidental 
symmetry of the SM. 
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are expected to occur with nonzero probability. The rcason for this is 
simple. If neutrinos are Majorana fermions, U{1)l (and U{1)b-l) are 
not good symmetries of the SM, and nothing would prevent, say, 
-K~ fjL^fj^' from happening. The converse is also true — if there are physical 
processes that violate baryon number minus lepton number, then neutrinos 
are Majorana fermions.^* 

If, however, the neutrino masses are the only source of lepton number 
violation, lepton number violating effects are, numerically, tiny. This is 
easy to see. If the neutrino mass m,^ is the only parameter that "knows" 
about lepton number violation, the amplitude for any lepton-number vio- 
lating process should vanish when rriv — > (when the accidental U{1)b-l 
symmetry is restored) such that ^4^ oc (■^) , whcre n is positivc and E 
is the typical energy scale involved in the process of interest. Because neu- 
trino masses are tiny compared to any reasonable value of E, the rate of 
lepton number violating processes is expected to be hopelessly small. 

Givcn the current bounds on ncTitrino masses and mixing. the "only 
hope" for probing lepton number violation mediated by Majorana neutrino 
masses with enough sensitivity is to look for neutrinoless double-beta decay, 

Two-neutrino double beta decay (2z//3/3) is a nuclear process through 
which a Z-charged nucleus decays "directly" to a Z + 2-charged nucleus: 

Z ^ {Z + 2) + e- +e- +Ve + Ve- (66) 

Such processes have been observed for several nuclei, including ''^Ge, ^°°Mo, 
^^•^Te, etc. Typical half-lives are well above 10^* years (one hundred million 
times the age of the Universe!). Similarly, Qu(3(i is characterized by 

Z ^{Z + 2) + e- +e-, (67) 

and violatcs lepton number by two units. It can be interpreted as 
a 2i//3/3 process where the two antineutrinos "annihilate" into vacuum. 
The diagram that describes neutrino-mass-induced Qv^p is depicted in 
Fig. 17(LEFT). The high energy physics "core" of the process is depicted 
in Fig. 17(RIGHT), and consists of the lepton-number violating scattering 
process W~ + W~ ^ e~ + e~. 

The amplitude for Oi//3/3 is proportional to 

^o.,,(í;)«E^«f -T' 

i 

where TO/3/3 (also known as TOge) is referrcd to as the effective neutrino mass 
for Oï//3/3 and E is some fixed energy for the process. As advertised, Aoi^j^j^ 
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is directly proportional to the neutrino mass. 




e 



e 



Figurc 17. LEFT - Diagram contributing to Qvfif}. The hatchcd rcgion indicatcs the 
"nuclear pliysics" part of tlic proccss. RIGHT - The high cncrgy "corc" of Qvfifi, + 
W~ ^ + e~ via Ui exchange (i = 1,2,3, m^^ = mi). Here, g is the weak coupling, 
U is the lepton mixing matrix, and the cross indicates a fermion mass insertion. 

It is important to note that rn-pp is a complex quantity, and that it 
depends on specific combinations of the Dirac and Majorana phases 6, r], 
defined in Sec. 4. Furthermore, ruee could end up being much smaller than 
the typical if its diffcrcnt components add up destructively. The value of 
niee depends not only on the neutrino mass-squared differences and mixing 
parameters, but also on the magnitude of the masses. This is why failed 
searches for neutrinoless double beta decay set bounds on the scale of the 
neutrino mass. 

Assuming, say, an inverted mass-hierarchy 

|to/3/3| = cos^ 6i3 |cos^ ()i2mi + sin^ 6*1277126**^1 , (69) 
~ cos^ 0i3mi\ cos^ 6*12 + sin^ é'iae*'^ | , (70) 

> cos^ 6I13 |cos 26*121 ^J à.ml^, (71) 

whcrc (j) is the rclativc phase bctwccn í/^i and Notc that, bccausc we 
know that the solar mixing angle is not maximal, in the case of an inverted 
mass hierarchy we can set a lower bound for rUee ^ 0.02 eV. 

In the case of a normal mass-hierarchy (and assuming, say \mi\ <ti |'tí2|), 
™ee ^ |cos2í?i2| \fArnf2 ^ 0.003 for "small" 9is, whilc largc canccUations 
can occur if the vàlues of 613, mi, and the relative CP-odd phases are 
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"just-right." 

The experimental search strategy is clear. One should gather a high- 
statistics sample of double beta decay candidates, and study the end-point 
of the energy spectrum of the two-electron final state. 01/(3/3 events will 
accumulate at the edge of the allowed phase space for 2ví3(3. Current ex- 
periments bound rriee < sever al x 10~^ eV (with large uncertainties from 
the nuclear matrix elements).^ As of a few years ago, a controversial re- 
analysis of the Heidelberg-Moscow '^^Ge data uncovered a positive hint for 
0í//3/?.^° This evidence would correspond to rriee e [0.2,0.6] eV at the 99% 
confidence level.^*^ 

Next-generation Oi//?/3 searches have been proposed, and aim to be sen- 
sitive to TTiee > 0.1 cV (and capablc of vcrifying the claims of Rcf. 60). 
One can expect some of thcse proposals to bc fully funded and running in 
the next few years. Upgrades to thesc proposals claim to able to reach 
rriee > 0.01 eV. It is a good bet that we will cithcr discovcr Oí^/3/3 or rule 
out Majorana neutrinos with an inverted mass hierarchy in a little over ten 
years. ^ 

6.2. Brief Concluding Remarks 

The discovery of neutrino masses has not only provided the first evidence 
of new physics, but also opened up the door for several new theoretical and 
experimental developments. I only managed to mention a tiny fraction of 
those here, and completely neglected to comment on very important current 
areas of research, including neutrinos in astrophysics and cosmology, and 
the neutrino mixing puzzle (why is lepton mixing so diíferent from quark 
mixing?). 

We have only just begun to decipher what Nature is saying through the 
ghost-likc neutrinos, and one can count on a very bright (and not too far 
away!) future full of surprises and, hopefuUy, a deeper and more satisfying 
understanding of fundamental physics. 
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Appendix A. Homework Problems 

These are some homework problems I assigncd during a Spring 2004 coiirsc 
on neutrino physics at Northwestern University. For solutions and more 
detalls, see http://lotus.phys.nwu.edu/~degouvea/neutrlnos.html . Some 
of the problems included here were takcn from half of a onc scmcster course 
ministered by Hitoshi Murayama in the Fall of 1998 at UC Bcrkeley. Enjoy! 

(1) The cliargcd pion dccays almost 100% of the timc into a muon 
and a (muon-type) neutrino (7r+ /x+f^). In the reference frame 
where the parent pion is at rest, compute the muon energy as a 
function of the muon-mass (m^), the charged pion mass (m,r), and 
the neutrino mass (toj,). What is the absolute value of the muon 
momentum (tri)vector? Numerically, what is the relative change 
of the muon momentum between rUi, = and = 0.1 MeV? It 
is rcmarkable that the muon momentum from pion decay at rest 
has been measured at the 3.4 x 10~^ level (Phys. Rev. D53, 6065 
(1996)). This provides the most stringent current constraint on the 
"muon-neutrino mass." We will later discuss the meaning of this 
bound. 

(2) At small enough energies {^/s < O(IOO) GeV), the neutrino cross 
section is approximately given by CTy G%s/tt, where Gp is the 
Fermi constant and s = {p + P)^ is the squarc of the ccntcr-of-mass 
energy of the neutrino (with four- momentum p^) plus target (with 
four- momentum Pj^) system. 

(a) Estimate the cross section, in cm^ for neutrino-electron scat- 
tering and neutrino-neutron scattering when e and n are at rest and 
the neutrino energy E^, = 10 MeV. 

(b) Estimate the mean free path of a 10 MeV neutrino through 
lead, in A.U. [1 A.U. (onc Astronomical Unit), is the avcrage Earth- 
Sun distance, equal to 1.5 x 10^^ m (or 500 light-seconds).] 

(3) To understand the efïect of neutrino oscillations (consider two fla- 
vor ï/p ^ transitions) on the atmospheric muon-neutrino data, 
numerically calculate and draw histograms of the average muon neu- 
trino survival probability in ten equal-size bins of cos 9z , where 9z is 
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thc angle bctwccn thc ncutrino direction and the vcrtical-axis at the 
detector's location {0^ = for neutrinos coming straight from above, 
and = TT for neutrinos coming from below). Make one histogram 
for = 0.2 GeV, 2 GeV, and 20 GeV plus Am^ = 2.5 x 10"^ eV^ 
2.5 X 10"'^ cV^, and 2.5 x 10^^ cV^, for a grand total of ninc plots. 
Assume throughout that the mixing is maximal, i.e., sin^ 20 = 1, 
and that neutrinos are produced 20 km above the surface of the 
Earth. 

(4) Read the article " Super-Kamiokande Atmospheric Neutrino Re- 
sults" by T. Toshito, hep-ex/0105023. It contains an almost up- 
to-date summary of the atmospheric neutrino data (not much more 
data has becn coUcctcd sincc, for rcasons that l'U mcntion briefly 
in class). A talk by T. Kajita, presented at the Neutrino 1998 
Conference, may also prové helpful in understanding some of the 
Super-Kamiokande terminology: hcp-cx/981001. 

(a) From Table 1, compute thc valuc of thc "ratio-of-ratios" R 
(the measured i'^ to u^, flux ratio divided by the theoretical calcu- 
lation) for sub-GeV and multi-GeV single ring events, and compare 
them to thc numbcrs riuotcd in thc paper. How do thcsc numbcrs 
compare to 1, to each other, and to the ratio of observed partially 
contained events to the Monte Cario calculation (this are all muon- 
type events, and consist of events whose average energy is larger 
than that of thc multi-GeV events)? Discuss possible interpreta- 
tions for these discrepàncies. 

(b) Look at Figure 1, and compare with the results you got 
in problem 1. Can you verify that Ato^ ~ 2.5 x 10~^ eV^ and 
sin^ 20 ~ 1 is a good fit to the data (200 MeV is characteristic of 
sub-GeV events, 2 GeV is typical of multi-GeV events, and 20 GeV 
is typical of upward stopping muons. The fourth category, upward- 
through-going muons, has an avcragc cncrgy above 100 GcV)? In 
particular, explain why there is almost no depletion for cos9z > 0.2 
in the multi-GeV data, but some depletion in the sub-GeV data. 

(c) Use the numbcr of observed sub-GeV "e-like" events (as these 
seem to agrec wcU with Monte Cario prcdictions) to obtain an order 
of magnitude estimate of the electron neutrino flux (neutrinos per 
unit time and unit area). The cross section for detecting neutrinos 
at this energy range is roughly 5 fb. 

(5) Understanding SNO data — Read Phys. Rev. Lett. 89,011301 
(2002), which describes the results of the SNO (Sudbury Neutrino 
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Observatory) experiment [nucl-cx/0204008]. In page 4, the collab- 
oration quotes the measured vàlues of the "solar neutrino flux," 
obtained by using difïerent physical processes: 4>cc is determined 
from the Charged Current reaction u + d^p + p + e~ (disa 
dcutcron nucleus), çÍnc is determined from the Neutral Current re- 
action V + d—^ n + p + v, while 0es is determined from the Elàstic 
Scattering reaction u + e~ — > u + e~. These flux-measurements 
are obtained assuming that only electron-type neutrinos are com- 
ing from the Sun. 

The key point is that the Charged Current process is only sen- 
sitive to electron-type neutrinos, the Neutral Current reaction is 
flavor blind (i.e. docs not carc whether the neutrino is of the 
electron-, muon- or tau-type), while the Elàstic Scattering reac- 
tion is sensitive to electron-type neutrinos and muon/tau-type neu- 
trinos in a difïerent way. At the energy range of interest to the 
SNO experiment, the ratio of the elàstic scattering cross scctions 
is o'Esíi'a + e)/c7Es(^'e + e) = 0.154, and very close to being energy 
independent. Here, a = /í and/or r. [At solar neutrino energies, 
there is no way of distinguishing muon-type from tau-type neutri- 
nos. Here, you can simply refer to them as Ua, where a stands for 
'active.'] 

(a) Rewrite (t>cc, ^nc and ç!>es in terms of (pe and ^a, the flux 
of electró- type solar neutrinos and the flux of muon/tau-type so- 
lar neutrinos. Given the experimental results obtained by SNO, 
compute (pe and ^a- [This system is overconstrained — there are 
three equations and two unknowns. You can either make sure that 
the three measurements are consistent (reproducing somcthing like 
Fig.3 in the paper is a good idea!), or you can perform a quick fit 
to the three measurements. If you choose to do this, for simplicity, 
add the statistical and systematic errors in quadrature, and assume 
that this combined error is Gaussian. I recommend the second op- 
tion (it is important to learn how to combine data and extract the 
value of physical parameters. Please let me know if you have no 
idea what I am talking about!).] Compare your results with those 
obtained by the coUaboration, quoted in page 5. The fact that 
(pa 7^ is, currently, the most concrete evidence we have of neutrino 
flavor conversion, since there are no physical processes capable of 
producing non-electron-type neutrinos inside the Sun! 

(b) Assume that the survival probability of electron-type neu- 
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trinos Pee is energy dependent, so you can rewrite (j)e = Pee4>Q, 
(pa = (1 — Pee)4'&í where <j)Q is the total neutrino flux from the Sun. 
From the SNO data, calculate the vàlues of Pee and <pQ . Note that 
Pee < 0.5 is indicative of "strong" matter effects inside the Sun com- 
bined with the fact that the electron-type neutrino is predominantly 
light, i.e., sin^ 9 < 0.5. 

(6) Day-Night Effect — Solar neutrino oscillations can also be mod- 
iíied by the fact that, during tlic; night, the neutrinos have to cross 
some significant amount of the Earth in order to reach the detectors. 
Hence, the oscillation probability is different for neutrinos arriving 
during the day and the night (experiments with real-time event re- 
construction capabilitics scarch for a day-night asymmetry in the 
measured solar neutrino flux). 

To understand this effect, assume that solar neutrinos arrive at 
the surface of the Earth in the [^2) statc (a mass cigcnstatc). This 
is true of solar neutrinos as long as fcwxlO^'^ cV^ < Am^ < 
few X 10^^ eV^ and sin^ 9 is not too small (sin^ é' > 0.1 is safe). 

(7) It is easy to show that the — > i/e oscillation probability for three 
active flavors in vacuum can be written as 

P{^^ ^ ^e) = E U:^U^^UeJU;^ exp -l ^ . (A.l) 

This form proves useful to address the foUowing qüestions: 

(a) Show that time-reversal invariance is not necessarily con- 
scrvcd, i.e., that P{i'^ Ve) 7^ P{ve ^ v^) unless Í7 is a real ma- 
trix. Can you find a simple expression for — > fe)— P(fe t*^)? 

(b) The mixing matrix for antincutrinos is the same as the one 
for neutrinos, except for U ^ U* . Show that CP-invariance is not 
necessarily conserved, i.e., that P(i'^ — > fe) ^ Pi'^fj, ï'e)- Can 
you find a simple expression for P{viji fe) — P{ï^tJ. Vep- How 
docs it rclatc to the one you may have obtained in (a)? 

(c) Show that CPT invariance is conserved, i.e., P{vfj, Ve) = 

(8) SN1987A — In Fcbruary 1987, neutrinos from a Supcrnova that 
exploded in the Large Magellanic Cloud, located 50 kpc away from 
the Earth, reached the Kamiokande and the IMB experiments. This 
neutrino burst was rcportcd in K. Hirata et al., Phys. Rev. Lett. 
58, 1490 (1987) and R.M. Bionda et al, Phys. Rev. Lett. 58, 1494 
(1987). Read the two papers and address the foUowing qüestions: 
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(a) Both experiments detect electron antineutrinos via DeP — > 
e+n. Calculate the incoming antineutrino energy, in thc rcference 
frame where the target protons are at rest, as a function of the 
recoil angle and energy of the positron, and the neutron and proton 
masses. You may set thc positron mass to zero. Using thc table 
of events in the Kamiokande paper, compute the energies of the 
antineutrinos that were deteced by the Kamiokande experiment. 
What is the highest (lowest) observed antineutrino energy? 

(b) Use the resuh from (a) to obtain an upper bound on the 
"electron antineutrino mass" (don't worry about mixing). The rea- 
soning is the following: if neutrinos have mass, neutrinos with dif- 
fcrcnt energies propagatc with slightly diffcrcnt vclocitics. Hcncc, 
the higher energy neutrinos should have arrived at the detectors 
before the lower energy ones. Compute the relative arrival time 
of two antineutrinos with two different energies (assume that the 
neutrino mass is a lot smallcr than any ncutrino energy in thc prob- 
lem) . The time distribution of the events observed by Kamiokande 
is consistent with the expected antineutrino energy spread (a few 
seconds). From this fact, place an upper bound on the neutrino 
mass. [The last three events arrives more than nine seconds after 
the first event, and there is still a debaté regar ding whether these 
are really from the Supernova. Discard them, and consider only the 
first nine events.] 

Useful Information: 1 parsec is about 3 x 10^^ m. 
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